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'previo-u'sly -'ùnstudied; 'two ba 'k-rêef bays east of Cafr-iac~6u-, 
..... ~ 1 ~ 

W. J. have diff~r:ent pattern~ 

deposit.ion. 

sediment transport and 
.~ 

'----
In Grand Bai, four l?g nor~al grain slze populations and-

" 

~te patterns of their mixing énd occurrence are consistent wit~ 
, ~ 

the transwt competence of obaerved waves ~ repres,ent Ia~g, 

rDIli-ng, -saitating and susp.ended sediment po'pulations. They 

are deposited as bimodal fine grain~d 1agoonal aand and a~ an 
, 

over1ying, shoreward prograding bo~y of bimodal medium $rained 

sand. " 

In Watering Bay, bottom sediment 'is in equilibrium with 

the atrongeat tidal currenta and i8 transported into de~per 

'water at the northern, open end of.the bay. Cu r r e n t ve 1 0 c i t i e s· 

çan be closely estimated"using bottom -sediment g~rain-...gi'ze dis-

~ributions. ~ra~aport competence curves, and the von Karman-

prandtl e4uatio~ fot flow'over ft hydrodynamicilly rough surface. 

, ' 
Tbe Watering B~y_pattern of back-teef sed~~entation ia 

,developed after the Grand Bay pattern has led to restriction 
, ' , 

of tidal flow and the development of strong tidal currents. 
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,Ti t re: S1:DIHEN1'ATION DAN S LE .(:;QHPLEX C'ARBONATÉ. RcÉCENT 
DE LA COTE EST DE CARRIACOU, 't<LES DU, ,V&NT'.'" 

Departement':, 'S'ciences Géologtques 
, f " 

Deg-r:e: ' Dot:~teur de Phflosoppl,e . ' , 

RESUt-tÉ 

AU LARGE 

? 

Deu,x baies formé'es d'errière un récif a i 'est de' Carriacou, 
t l' 

iles du 'Vent, jamai,s i!l:udiées aupara":,~nt,· exhibent des mécanismes
1 

:de '·transpo,rt et de dépositt'on différents. 
l, 

A Grand I}ay, quatre p,opulatfons à g:'i0sseur de grains en 
r 

(;iistri~ution ~.ogarithmique. rlorrnale, ainf! ,que leurs styles de, 

mélange et d'occurence demeurent consi~eants avec, l'abil\té des 

"~agues '-'ôb'serv~çs" à f-ransportèr 'le 5a~ie. Les pop'ulations repré: 

A 

• se'ntent les dépôts st~Hionnaires a~nsi 'que les résultats de 

roulement, sautillemen~ et suspension des grainS c~mposant ce 

dépôt . Elles sont dépos~es en>ensemble bi-modal à grains fins 

dans un environnament de sables lagunaires et Gonstit~ent èn mime 

temps un~ progression,vers la plage, d'un autre en~em?le bi-modal 

à grains mO'yens, recouvrant le dépôt lagunaire •. 

A'Wâtering Bay, les dépOts de, fonds existent en équilibre 

,avec les plus intenses courants de marée et subissent u '07 ta n s '0 r t', 

ve'J:'s les ealfx profondes a, l'extrémité ouve'rte, nord, dé cet 

baie. Les distribution's de grosseur des grains, les courb s 

d'intensité de transpor~ ainsi que l"quation v~n Karman-~randtl . \ ~ 

pour un cQ,urant, liquide continu Sur une surface hydrodya ique-

ment irrégulière,perme,ttent une' approximation de l.a té 

des ces courants .. \ 
Le mode de sédimentati&~ 

.< 
arrière-récif a Watering en 

~1 
a pris forme à la suite dé' 1a""'t:'estriction des courants de 

d\)mOd~ de déposition de G-rand Ba·y. 
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CHAPTER 1 -, INTRODUCTION 

Studiea of mode~n ~arbonate environments and sedimentation 

have been carried ou~ in 'Many parts of ~he world:~~ut in Most 
{ .. 

of the,se' investigations mechantcal ana1yS"ea of the 'sediment 

grain Bize' populations ilave been used in a mainly descript-ivè 
~ , 

manner. Cor r e 1J1 t ion 0 f g rai n ~ i z ~ dis tri but ion S w i th pro c'e s ~ e s 

of sedilllent production; tfansportation, and 'deposition usually 

To u.nderstand th~,se relati'dn~ 'h a s b e e n i n ver y ~ e ne ra 1 ter ms. 
1 "" ' 1 

better ,the pro-c;lesses responsible for the obae'rved' grain size ' 
" 

distrlbuti'ons mlt,at be studied. 

The barrie~J,reefs an'd àS,sQ,Çiated sediment east of 

Carriacou W:r. 1}ave no,t been investigated previously. The bac~f 

ree·f area ia divided into two main bays (F,ig. 1). Sedimen t in 

the large;," sopthern bay is affected' and transported \>y waves 

...... 
movf.ng shoreward from the reef. Sediment in the northern bay 

la affected and trangported mainly by strong tlda1 currents 
.t ,- , 

parallel to'shpre. ,1" 
o 

The prokimiiy of two relatively small end uncomplicated 
~ 0'" '0 . ~ ~ ~.'" r 

ax:ea's with d'ifferent-hydrolog~c and, aediment transport regimes 

~,ffeJrs 'an' ~pportunlty to test thé significance of grain size 

di-stributions of bSfk-reef skele.t;.a,-~. sands in ter~,!,. of the 

, . 

..t.!''''!,. 
1 ~ .... l.. .. 

o processes which affect t,.hem. t. 

- . . -----~-... ~ ... " ..•. 

".J,.1) 

(2) 

'rhe purl;»0ses f this study have been to: 

Map the bathy etry, major environments and sediment dis-
.' 0 ....... 

tribution in the submarlneAeast of Carriacou for the firat r; 

time .' 
, 

0'. 

I~ve~~tigate and interpret the differences in grain size 

distributio fJ in contigu"ous .areaa under the influence' o'f 

----~ 
----............ ( 

._----..;...---., ... ""'" . .,..,.'" 



" " . 

~1 

f 
1 

-
s 

. ,- 2 -

, -, 
dif~erent hydrologie regimes. 

(3) !nvestigate the grain size distributi~nsQ of sediments' in 
q • , 

transport along a~d near t~e s&a ~loor~ and to compare 
1 • • 

these wlth the grain size distributions of sea flocr sands, 

1~-· . 
)"'~!:~rand with theoreticàlly t.ransportabie grai'n sizes determined' 
'" l' 
~. from water current measurement!s. 

(4.), !nvestigate the amount of control. exerted .by skeletal 

"-"', struc ture on the grain si,ze distributions of carbonate 

s,ke le tal sands. 

Develop a mOd~ of "teef sedt"ment pro-d'üc,tion, transp,ortatioQ 

. and de,po~itioli: on the basis of the abov,e a~d oth-er çonsid-

_. eratiqns, such as time and sea leveL c~anges. 

REGIONAL S~TTING 

Geography 
1IfI!S"". . 

Carriacou (Lat. 1.2° 30~N.: Long. '61° 26'w.), one of' ·the 

Grenadine ,lslanas in the Windward Group, la B;ppro~imate,ly, 21 , 
~ . 

miles (33.8 km) nor~th of Grenada and 48 miles,'(77.28. k.m) south' 

of St. Vincent (Fig. 1). lt r~ses from a wat'er' depth of 12 

to 20, fathoms (22 to 37 m) on the western side of the Lesser 

An'ê-il1es rldge. lt is a ~ountainoua is1and appco~imatily 13 

square. miles (33.7 square km) ln ares. Mt. p'Or and Chape?u 

Carre reach elevationa of 817 and 954 feet, .(249 'sn<\)91" m) 

respectively, nesr the southern end of the island. A central 

rid,g.e of 600 to 800 feet (183 to 244 1'(1) e1evation jai,nta Mt. 

D'Or" to llig'h North (915 fee t 

the island . .. 

297 m) 1 at the northern ena ·of 

~": 

..' 
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Carriacou ls administered as 8 district of Grenada. It 

-" 
ID 8 Y ber e a che d b Y mot 0 riz e d ma ils c ho 0 n e r.; sai lin g for 5 hou r s 

}, 

between St. Geor&es, Grenada and Hillsborough, ,capital of" 
• 

Cart'iacou.· LIAT now stogs at, a small ai'rfield south of H~lls

borough .on fta service b-etween ,Grênad.!\ and, 'St. Vincen·t .. On 

the island ~élS and buses provide·service ta all'parts -on an 
;pW-' 

'extensi've 8y tem of road's.' 

The population of the island n.umbers approximately '7,000 

~and is engaged mainly in agriculture. boa't build:;ing and sea-

faring. Agriculture provides the main exports of Marie Galante 

:cotton and lime oil. According to Kay (1966) 5>0 of 58 cargo 
{} , 

sailing vessels registered it;l Grenada in 1959 were built on 
• 1 

Carriacou or on the small nearby island of Petit Martinique. 
-~ ,... ~ 

A small telephone exchange and cable office 'is situated 
o 

in Hlilsborough which is the only,area with &lectric~ty and 

running water. Water is often a,maJor problem. Wells have 
"" . \ 

been sunk; but the ~ater is pf limited quantity and quality. , 
.1 

Roo!.catchments 'serv~ the needs Qf the population, and a dry .,. 
year caUsès hardship f~r everyp~~~ 

. , ,Wt,th the exception 'of bea zoned reefs'around 

.s.,anpy 'Island" (Fig. 1) coral r,e,ef deve 'O-Itment to '~he west of 
j .~ • 

• 1 -.............. 
~ Carriaco\! is poor. _ Small fr~nging reefs are p-t'-ese t only 

ax:ounti· Jack a Dan Island and,! off .small points of la~, 
the south~rn half of the cosst. Ree f s slang the 

, .' 

COast, nerth of Salil1e Island and in Manchioneal 

. . . 
\ 

.. 
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In' the study~r,ea along the east coast a weIl cÎe'veloped' 
~ , 

barrier reef i~ prese~i a~ one-q~arte;'to one mile (0.4 to 

1.6 km) offshore. 'T-he'lagoon ls diyide'd into three ba'ys. 

\ 

Watering (Windward) Bay oc~upies the northern third df the 

coast. 'Jew Bay, ,.betw,een Poi':lt St. Hil'aire and Tarlton' s 

Point halfway along~the coast, ià sinalle,r. Tarlton's and 

Kende~ce ioints bound Grand Bay along ~he southern half of 

the,co~st. 

Geology 

Carriacou i~ on a VOl~C arc which has been the site of 

eruptions in historie times on the {slands af St. Vincent ~nd 

'Mar-tiQ.ique. lt is the only .island of the Windward G,roup south 

of Guadelupe'whi~h is not'predominantly ai direc~ volcanic 

- . 
o ri gin and wh i c h ha seo n s ide rab lé 11 mes ~ 0 ne. ' The 'g e ne raI 

g~ology and ,paleontologi'have'be~n described b.y Trechmann 
, ' , 

(193,5) .ana. Martin-~aye (19'58). ~he s~ratig~aphy consists of'-
, . 

Upp~r Eoçene -to Upper OligoceQ.e Lower ,Tuffs', the Lqwe r MiO'ce ne 

Carriaco\1 Limestone' Series, and 'the Upper Miocene andl.o.r . , . 
Pliocene Upper Tu~fs. The units' are bounded by·and inciude 

passibl'e uRconformities. Ge n e rai l Y the. s t ra ta h a ve age nt l'e 

ta modé ra te dip to the southeast. 

~ .. " 
-(~ , 

: . C lima te 
-

, ~. 1 .... 

ClJrriacou "has a relative1:y dry" climate and no perman.ent 

ètresms: Th'e uplands-a~e wooded. 'f~r th.e most par~ r..eflecting .. , 
a more abundant rainfail tha'n ,occurs -on t;he 'ess,tern 'and south~ 

'ërn coasts; where the vegetatiO~ consists mainly o~'shor~ 

" 0 

" 

, " 
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g·rasses, scrub and caet!. 

The ave~age annual temperatur~ 

(27.2°C) (Anan., 1'948). The average mont li'sir temperatures 

range from 78 ta 82°F (25.6 tô 28.3°C). month1y 

s~a w'at~r témperatrea hever 'differ tiy mo~re th,~n one degree 

from"the average}onthlY a,ir tempe~a'tu~es ... 

cur~iaco~s south of the ar~a of high~ u~ricane proba-

bi li ty. The last one to seriously effect i~18nd was on 

19S5,.(.K.~~ 19~6) •. 

, ~-\ 

"-. 
Septembèr 22, 

" 
" 

..... Winds and! Wsves 
.... 

, ':... 
car-ti,ac~_~, lies within/t-h~ bel of ttte- crins'tant:Northeast ' 

'--~ T-v-o~.J-~~ 
T~ade Winds. Gen~rallY 'he winds ~~~~~~_,a,n'~ w,inte,r ,are ,. 

stron~ and mai~lY nor.~he8\8terlY, while thQse of' spring, 'summe'r 

and early aut~mn a~e"weak~r and more easterly (Fig. 2), Mon~~ly 

mean wind speeds at Pearl kirport ~n the eas~ coast o~'Grenada, 

frQm 1963 to~ 1967 incîus ve, varied" ~rom 5 ta 12, kl10ts (9:3 to, 
, . 

22.2,km/hr). For thos five years the averll,ge monthl.Y me'~n 
/, 

w:tnd speeds for t"he 'w:f,ndiest months 1 " Decembèr and, Ja~ùa.ry, "~er~ . , 

10 knçts' (18.5 km/hr), and for' the éalmést months~ Aug4st: and 
" , 

Septemb~r, were 8 and 7 knots (14.8 and ~3.0 k~!hr) ~e~pectl~elY 

(vritten communication, Mr. W. Ogilvie) ,', 
, 

The sessonai variations in wave directions reflect those 

of wLnd s, wi'l~ be i ng the on ly se a son whe n the ra i sa' st t'on'g) 

no~-theasterly componerit (Fig. 2.) ~ Variati ' s, in intênsity, as 

indica,ted by wave per,iod a~d neigh,t, 'also re eèt"thosè of" thè ' 

winch. 
, .. 

Throughout the year the dominant wave p, riod ia betwe,~n, 
'.. . ~ . 

, ,",' 

and t;be modal w~ve ,heig"ht of the e, w'ave s i8 

\ 1 

\ 1 

t ,_, 

\ • ~ 1 

, 'f 
, , , 
, , 

,~ _____ --~--t-~' ... , _______ ~__:'~,.- .... "": ,~ , 
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and 1.16~m) for wint~rO; spring, and autumn respectively 

(anoo. 1,959'). " 
\ 

. Hyd ro Î9 gy-
'Ti.des .i1n,'the yic,in,i-ty of Car::riacou are of the;imixed type. 

. . 
The ha r'mon~c cin sta,n ~s lis ted tn th.e ',Admi rlÙ ty Tide Table 9 

• (19 67) in die a te th. a t d i u r ri ale 0 nllm n e 0 t s are dom i na n t i 0 

Hillsboroug-h Bay on· ~he west coast 

ponents are 'dominant in the Tobago 

and th~t semi-diurnfl com~ 

Cays ap~r~x~mat-elY ~'miies 
\ 

(14. ~ km) to the' north. The tidal rangés 'are small, th~ dif::-

ferenc'es betwee~ mean, h1gh ,h1gh water and mean lo'w l,'?w w}at~~ 
< • 

at the spFings near the sols'taces being .1. i a,nd 2.0· feet~·('O. 5 
, -, . '. ~ 

and .0.6 tp) in Hillsborough Bay and th~ Tobago Cays·'respe'ctfyely . . ' . 

West' tand northwést flowing regi-onal eurrents ranging fro,m 
, , 1 ... 

,0.3 to 1.5 k'oot's,05.4 to 77.2 cm/sec) throughaut the year 
f , 
r 

(ARon.', 1948) prob~bly re,present i'oc,àl wlnd drtven currients 
1 

Vld~ the Equatorial Current as it passes from the Atla~tic into 
!J , ". l'J 

t,he' Ca ri b be an . 

f 
1 

-j 
/' 

. . ~'-" . '" 
" 

t ". ~ 

.' . 
" , 

, "' 

" 

,., '-1 , >, 

R~v.ersing tidal streams 'run in front' of aod bétwe~n th~ 
, 1 ~ 

, ,ares .. T~e reg~09al current h~S ~he.te~lec,t'of 

dering,'the. ,south and e~st flowing streams ,and addi1g to' the, 

Ilor 'h and ~~st flow. :The t.im~s, of 'c~an~~ and ,~he r'a~t~ ,il,f the 

1 8treams ,are 'g.reatly' affected by the strength of th~ 
,II 

" , 1 

.. \~ . 
.No'cu~reDts were~observed tn'the south~~p two bays ,hehlna 

"'If " 

t'he barrier reef e~st Qf' Carr-iacou. In Wat,er'ing' ,Bay"to the 
" ~ 

; . 
h 

~ •• ~...., ...... ",. .. ...I~~"'-'e..:; __ 

, .. ' , -, 

l 
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north hbweve.r, there is à. ·r.eversing' current sim;l.lar to that '. 

outside the ree f. The predominance of the north-flowing 

current here i9 not a 'resu1t. of regiono91 currents hut of water 
, 

being driven over the reef ~y the ~inds and waves and flowing 

• but the open northern end of the hay. 
" 

METHODS OF STUDY' 

Field work waf? carried out du ring an eight day reconnais-

sance visit in Decemh.e,r, 1966, from mid-,June to mid-September, 
., 
1967, a'nd f.rolll.late·March to late May, 1968. 

·'As·no'detailed bathymetry maps of the study area w~r.e 

o9~~ilable,it waS necessary.te construct one duri,ng 'the .course 

of the st ud y. , Over ,~ miles (88.6 km) of echo ~ounding pto~ 
, 1 

files were l'un (Fig. 3).' .A Kelvin Hughe's Inshore recording . 
. echo ~ounder. p.o~'er~d by a t'welve volt b'a'ttery, was used . 

The basic s~mpli~~ pa~tern consist~d of a rectang~lar 
.. . \ 

grid wi~-!, a north-south sample ~pacing of 1500 feet (457 m) 

..and an e.ast .... w-est ~p~cing· of 7,5,0 fees.--(229 m). ,Th~ e'ast-west 

samplil1.g Unes wer.e' gi,ven travêrse number:s (Fig. 3) to facil

itate location and' di~cussion in t,he text. , , 
, r 

Air photograph's (see Plates 1, 2 and 3) were used to 
,-

,·1ocate sampling stations in the sha~low water. lagoona1 environ-, 

meots. O\Jtside of the reefs the sampli.ng system broke down' 
. . \ . . 

becBuse 9f the diffi"cultie's in re-covéring tJamples· and in loaat-, , 

Ing them accurate1~ in the field. ~extant sightings measuring 

the angles -~etween a~ leali!'t three kn.own points on shore were 

~sed to 10cat~ unknown samplipg stations )~te~. 

1. At! the timf;! of the' st..udy~English u~its (feet) wete used ang 
, the echo sounder was graduated in feet. MetTie equlvalent:s 

have. been ca 1c.\,lla ted, • ' 

• f 
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o 750 1500 METRÈS 
... -=~ __ .. ~ .. .c======~\' 
o 2500 5000 FEET 
Iw _'. 1· 

1 LAko SURFACE CONTOUR INTERVAL' 100 FEET 

1 - " 130118 Il) 

WINDWARD COAST. 

CARRIACOU. WI. 
SAMPLES 

" SNAPPER TYPE SA/oilPLER 
• DREOGEO 
o OIVEO 

• OIVEO-2 SAMPS OF AOJACENT 
SAND ~NO THALASSIA ()R 

ALGAE AREAS 

• OIVED-2 SAIFS dF RlPA.E 
CREST AND TROUGH 

• SEDIMENT TRAP 
Il' SAMPt..E REFERENcE tUIlIER 

lit TEXT 
/6 TRAVERSE LINE NU'M8ER 

--- EÇHO SOUNDIHG ur.n 
,20-ISOBATHS- 20' INTElNILS 

161MI 

Irlt • 

~ ____ -" ____ ~~~ ____ ~ ____________ ~ ________ ~ __ .-________ -L __ ~ ______ ~ ________ ~, 

"Fig.' 3 . Map 'of trav~Ù"liIes,' sampl'ing statt-ons, .. 
and 'ecbo ,soundlng l1n~s. 
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Most samples were collected by acooping the upper few' 

• centimeters of !lediment in a 5 ounce '(142 ml) bottle while. ' 

skin diving. Samples were also' collected during two SCUBA 

dive~ on the reefofront of Watering Bayon traverses 6 ~rtd.7. 

In ,deep or ve'ry turbid water ~amples were, collected with a J 

• < 

small dredge or with a spring-:loaded snapper type sampler. 

Two cores, ea~h approximately one foot lo~g, were collected on 
- r ~ 

traverse 16 by pounding a plastic core barrel liner into the 

sed ime n,t. 

1 
ln orqer ta better understand t~e relationships between 

the grain size dis'tributions of' surfàce samples alld' those of 

sediment transported by ~idal currents in Wateri~g Bay, msterial 

in tran~port was collected in traps on and above the s~a floor 

( Pla te' '7-C) . An Ott current me~er'(Type V, Sonas-Rion) was used 

during the 1968 seasop to,obtain current velocities while some 

of the sediment trap-$ were in place. 
J 

This allowed èomparisons 

1 

t,o be made between th~eoretically transportable grains size. and 

grain size d,~st;ribu~·îo.s 9\;~'-' surf~ce s.d~ment and ;i 'the ' 

sediment in transpor . 
i 

'-
A ~otal. of 234 lIediment samples were mechanicaUy analy~ed 

by-standard wet and dry sievi~~ flechnique-s. These ,included 196 

l , . 
surfac~ samples from 167 locations, 30 sediment trap ,samples 

.~. ll;ll 

,,"- and 8 core samples. 

t <,f Abrasion of orgsnic skeletons with variable durabilities 

and defi.nite structu;e m~y tend to produce preferre~ g.rain si.ze 

dis t "i but ion s . Th i s é·f f e c t wa If par t i a 11 y e val u a te d cb y C 0 m po n e n t 
~ 

anaLy'ses of individusl size fr'actions of three sël.ected' 

) ., ... 

J', ~~i~i{~M~~j;.~,~,:~':; ~~·~·,:;:,\1"'~;;< /', ,:~,~:~ ",:' 

, 
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representative samp~es from Gr~nd Bay. Co~rse frac~ion~ were 

\ 
examined in reflected light,. 'Fine fractions wè~e mount.eâ'and 

thin sectioned for-~~amin~tion in transmitte& li.ht under a 

microscope. 
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CliAPT&.1{ .2 - ENV l RONMe,NTS-
1 ~ <' 1 

l '~ , " 

Since t,he- propert,ies of th~,b!otogi-c'a1',communitiea"and 
~ 

.. ' , .. 

. ., , 

, . 

j , 

\' 

, , .. 1 ~ 

, ( , ~ , " • 1 

r' of" ,1;:he' a,edimebt:s '?re.'.'in..t'~rdE:pèbdent-,~d Jlince both are con-
t '~"'1 

tr'oUed,'to a largè degree by the phy-sical-c,:!lémical cO'nditi!on's, 
\ .,.. - ~ 

the env'~ro-nn'le~ts. ço'nsid~~eèl here are b~th' ~.iO+Ogi,~ai - and se~i- • 
, '. " • <> u~ ~ 

{t!en.tary. "The study,,' howevèr, h~'S been made maiRly from a- '. 
~. , , 

". 1 A . \1 co ' .;J_ 

sedimentoi'pgical -viewpcl..fn't, and the 'compositions and, aS'socia-
o ' ,. ... ,,' ." ." • 

~jns of tht! :bi'Ol~~~c"~f cdmmu~itie;s we~e ~ot. st;udl~d, in ?_e .. 7ail. 

The 'f.1oral and ,f~unal ~ommU~:i:'t'i~'s 'ànd zona'tions of coral 

-ree:fs, and la~ào.nà ln ,the Cal'.ibbean, ·ÇUI.f '~f M_exico, Baham"ïis • 

s'pd 'Flor·ida have been de,scribé'd :i:n nlJmerOU,8 textbooks,' )apers . " , '():: . 

and guideboO~!l ,(excellen~ summar~'"and blb,1iogra,phy 'in (athurst, 
! 

Ree~s. east of-- Ca'rri~cou 
, 

a~e not_ 

bas'icâqy ~iÙerent, -differeq~e,s 'being mairil:i:o'f de'gree a'nd 
f; ct • • 1 ". ' 

.' relaçed ta diffe'rences in bathymetry and w<av~ in.tén.sity.. The 
"l - , . 1 ..: 1 ~ .. • " 1 . 
"most 'notable d~v~rgenc-e 18 the, apparent-'pauqity of fiving .' 

.:. :' l , f " "" • 1 

. " 

served, in abundance, around Sandy l,sIand OJl the 'Wes-t -coast.<of 
• • • - _.; 1 

C'à-t~~acc)u an.:d",aTro~'nd'th~ islet of Kopi~~',2 mit~8,,().21k~) tp the 
r ~ .... ~. l' • • " • - Q .'. 

j 

portlœ a s t'. - , , cervicoinis bbBetved im~ediately 
," ". l, "1 _. J 

The. ~n 1y, li ving A-: 

e'ast of 'ça_rr~8c'Ou W,8S a single bu~hy ~ir,ow'th apP~o~ilJla'te ly 8' lnc~ s 

.' ' 
(20"3'cl\I)' aer.OS8 immediately behind the barr~·er reef between 

, ' . . 
t~r-J~~~se~'?, ,~~.d 8. Ab~nda~t dOead ail(f d;isa7;tic~lated ~I:a'~~he8 of 

a,.:~'oâ-·t/ser ,vowth form ~eJ;'e o,bserved be~twe~n- 25 and· 35 te-et (7.6. 
(-.. \ .. ",. \", <'\ 

~, ~ • 6' ~ 

J- ,and" .10:7 m) depth on the reef s.1ope around t,raverse 5, so there . ~ ... " ,...--

may be t:flick~:ts of A. c~rvicornls on the 'reef ,slope (in ar'è~s 
~ • - 1 _ l "', ... ' '1 ,',' 

- ~ , 

th~t were not obser.ed (particularly in·j~pnt of Grand Ray~: .' -
, 

, . ' . , .. 

" .'.: J . . 
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Previous to this Istudy on1y a small scale gene-rai I>sthy-
1 

" 

metry map (AdmiraIt y 1hart 2872) w~s available.' Profiles 

along more than 55 ml,~s of echo sounding traverses (Fig. 3) 

1 " 
were u,sed to' construcf a de'tailed bathyptry ma'po (Fig. 4). 

1 

The main environ~ents are 'J.1I8pped on Figure 5. In Figures 
p 

6 and 7 d~tail8 of th~ bathymetry and eniironm~nts are pre-
1 

s,ented for traverses '5 and 16, s~lectli!d "to represent Watering 

~nd Grànd Bays' respe~tively: 

"----. 

COASTAL ENVIRONMEN~S 

'Sea cliffs b~und the m'aJ.n p~ints of Und {St. 
" . 

" , 

Tarlton',s 'and l<endeace) as well as the smal1 points- in Gr'and . '. 

Bay" A gastropod .faun~, ,dominated by Nét'i.ta' and Purpura 
, , 

popu18t~s the rocks ~~ the spray zone t , . 
Wei l ' d e Ve '1 0 P éd' w il i te' c a i- bon a teS a Il d . 

, , 

onry'in Je~ and Grand Bays ~here vigQrb sqrf c6nditlon~.pre_ 

'V~'il:\ ih~ coast l~ne' tn'wate;,ing Bay t sheltérèd by 'numel'o,~s", 
, \. ',' 1 " ", " . . ' \ ., ' 

'p~'tC.h' ~e,efs and shore~ard·.shfalB. "Arao, _ of, thé banks 

, 9'n'd is~ands''-to', the '~a_s~ of W/~tèri~g,' Bay, wav..es strikiQg the' 

're'ef ';'r~}i.t ar,e ,~in~ile,~ chanl tho~eJ oA.':the :teef: f~()nt,'.i~ Gràn'd 

~6Y'·a~d.t'~l've ri~'e "t~ ,~ni,al',~r 'se-C~ndary' wa.ves tn"'thf ~8ck-reef: 
As li result r~angrovés)Lgl.iO~ alohg some of t~e'_more 'protect'ed . 

/. , , .' t ' 

,Stret!ches of the"8li~r: i~ watering' Bay ~ear tr'a·Vé.'tse.,S'arid b,e""'· 
1 /. , -

h'ipd f the- fring~n8, reef and reêf f~à'tr ~e,twe~~, t.,ra~'~i~es): ~ui'd 4 .. 

., ~fe.aches in W~tet;'ing' Bay are .po6r(y'de'veloped art:d"iess th.n 10 " 
, , ' 

• • ~ L L 

feet (3 m) wide. They ate·,bu~1t_~~il{ly:o{""tel:'x:estt;~ai bla'c.k 

. , 

" . 

. l' , . 

. " 

, , 
, ~ ... ' 

, .,~' 

~: ~ 

h Ir • 

~ , 
" 
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rather than of carbonate graina tranaported ahorewards by 

wave a. 

'FRINGING 'REEFS 

, ~ ... 
. ..... 

Fringing reefs are presént in, fron~, ~i the mangrove swamp . 
at ~hè northeast corner of Carriacou, along the northern quarter 

of Watering Bay, slang th~ northern sh~re of Point se. Hilaire 

, and a Ion g the sou the r n s ho r e '0 f Ta r lt ô J 1 S Po in t ( Fig.. 5). T h'e 
l , 

, ,la t ter th r e e 8 r e a 9 w i 11 b e 4 i sc u a se d f ~ r st. ~ M'a r in e ~ r, a s s 

(Thalassia testudinum), non calcareous and cOJ;alline algae, and 

Porites divaric~ta grow on the top of the reef~ a fey iiches 

below water level. Small g-astropo'ds and 'crab-s are abundant. 

'The substrate consists of ~oral gra~el'formed from inter10cking 
'\ 

d~ad branches of P. divaricata. At the s~award margins wher~ 
\Jo. , " 

, 
the bottom surface 4~ops abruptly as tnuch as 7, feet (2',1 m) to 

marine grass beds, the flora and fauna i8 81ightly more .diver!!e 

with ~ porites var. f4rcata, P. astreoides and the caléareous 

green alga~ Halimeda opuntia • 

. T,he fringing reef in f"ront: of the mangrove swamp is much 

better developed than the above reefs 'beçause it ~djoi.ns deeper 

water aqd Is exposed to larger wave). T?e'reef crest is'separ-

8'ted from the mangrove swamp by a 125 to .375.:f~5't pa,'to 144 m) 

wide, shallow (1 foot, 0.3 m) .reef fla,t of Halimeda sand and 
" ?' 

Thalassia beds. 

Be'tween the flat and the reef edge and parllliel to·the 

ree.f edge are two 20 to 30 feet (6.1 to 9.1) :wide ridges with 
," . . 

thei~ tops-st low water level. The Inner ridge consista ma~nly 

of .red algae 'encrusted Por-ites debris. 
è

Porites divaricats,and, 

" .. 
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P. porites grow in shallow d~pressions a~bngst the rubble. 

Halimeda op~ntia ts abundant a~ is the long-spined black sea 
',. .., 

" ' .. 

urchin Diadema antillerum and a bTitt~e star-gastropod infau~a. 

'The outer ridge conai·sta of red al~ae éncrusted ~ropora 

,palmata deb~is averaging one foot (0.3 ~) across. ~Large bldcks. 

up to 3 feet (1 m) in diameter of !..:....palmata branches bound 'to

get:,her by 't'ed alg-ae .rest on th'is ridg"e a'nd are 'completely ex-

posêd at low low 'water in the 'Spring mont~). 

The outer reef crest is na.rrow'and has an abr'upt drop off' 

at the seaward ~argin. Tbe substr~te 15 cavercious~ coral and. 

algal rock, with ve"'ty littl-e loose ,sediment. Acropoia palmata 
1 • 

LS the dominant fra.mQwor~ coral, in this zone 'te the northweat 

and Montastre~ annulari-s ls <lom'inant to the. sout;heast. 
( . ~ . 

. 
S'pecles 

o~ Diploria and Sideràstrea,· and Favia fragum ar'e present as 

secondary corals. Agaricia agarlcites, bryozo~ and red encrust
.,.-' 

ing 'foraminifera,' Homotrema rubrum, are common beneath overhan,g-
- . 1 

ing·surfaces. 

On the reef slop~ between ~ and 17 feet (2.4 and 5.2 mi 

depth"Porites pori,tes. ~ astrêoid(ls an'd -the cslcareo,us ~ydro~.c:an 

Millep~ ar.e most com~on" The slppe is more ge,ntle below 17 

feet (5.2 m) .8~d is covered with dead 'P. porites rubble and 

interstitial sand. At 3S ,feet (10.7 m).ther:è. i.8, a levei sand" 

bot'tom with scatteted gorgoniane, Diploria and Sider'astres; ; On 

echo sounding"pr~flles' aS-foot (1.5 m) high rldge and outer 
-r 

slope to a depth of 50. f.eet (15.2 m) W8'S ob.ge·rved.beyond the' 

leveI sand area. The ridge and outer slope were not investi-, 

',gated by diving and co'uld not be seen 'from 'the surface. 

, . , -. - ~.- ~ _.~-- .......... - -~-..... _-
, .,. t ' .> 

J 
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MARINE GRASS BEDS 

", 
Marine grass beds east of ~arriacou disp~ay a wide varla-

tion in developme~t and associated floia and fauna, dep&ndent 

,mainly upon water depth and che nature and degr~e of water 

agitation. 

Fringing Reei Flat 
, , , 

The beds on the r~ef fIat adjacent to,th~ mBn~r~ve swamp 

at the no:t:th 'end of Water,ing Ba'}' :Ù'e the 'shallowe~t ob~e:ived.· 
. ~ 

This ls an area of g,enerally-high and 'Ira,ri-aQle,water f;:empera-:-

ture~, strong sunlight ançl small waves. The grass is Thalassia 
.' , , , 

testudinl,lm, much of which ,is 'k:illed during March, April and May 

'th~ b .re 

]eaves drift 

expo'sed at low low water dUFing spring ~id.es. 

Dead shqreward and accumulate on the heach or C on-

tribute tp t~e knee~deep hyd~og.en sulphide-~ich orgenic mud 

around the southern end of thë swamp behind the fringing reef 

to the south. 

Halimeda bpuntt! and the red algae Amph1roa, Goniolithon 

. and Galaxaura. are mostr a'bundant in the northeastern beda in 

fr,ont of the.,&watnp and beb('nd the fring1ng reef .crest. Blue-

green ~lgae ia abundant·eapec~ally in.the so6thernmost bede. 

The $ubstrate consists' mainly of ltalime'da 'segments with. 

P"Orite.s gravel to the nOl:theast and more muddy, organ-ic-rich, 

sediments to the soufh. 
-

M.o und.s 0 f co ars e san cl 1 n the \, 1 a t t e ~ 

reglon appear,to be ,the work 01;, burrowin'g crabs. 

• ,1. 
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Shore~ard Watering B~l 

ln Water:ing Bay,Tha,la'st\ia beds,extend from within .1Q feet 
, . ~ 

(3 m) offshore to a depth of arouQd 7 fe'et (2.1 m) in an ares . , 

'from 50 to 200 feet (15.2 to ~O m} \wiq'e. Although waves pa'ss-
. ' . . ,~,. , 

lng over the, beds are usually no higher than arolfnd 6 ifiches 
} 

(15.2 cm) ~he bottom ls aff~cted and the water ls ~sual1y , 

, -""-- ~-'-I ' 
, ( 

"lO, " 

tu,rbld. No s.trong water currents affect the beds except at ,'the" ' 
" 

oufer margih ,in B few places. 
" 

The beds are relatively simple and there' is not an exten-

slve associat'ed flora and faq,na.: Sma'll ~po'~ïs. ,brit',tle s ta r s. ' 
" < 

sêa urchfn' Tripneuste's esculentus, t~ c,o'ra,l 'MaÎllcina 
, .. 

1 • , • 

and <HalimedS'?euntia ar<t'ound throughout' the,~~ds. 
, 1 

the south col~nie; of ~o~it4s po~ites vat ~urcBta a~; 

fair I!1mo,n (p la te 8D) , ' 

The caarse fr&ctlon of the muddy s~bstr~te co~sists ~atnly 

of Hal1meda ~egmenta . 
l(,,' " 

In' the sno,reward \laU of th~ beds terri'-
, , 

genous grains forll! 'up to ~O percent of' the 'sediment. 

this co~ponent decr~ases' rapl.dly in abundallce, as ~t. Is. tt'apped 
, 1lt " 

among_t the sra ;,~' anl'_k"~ by ",uto,chthonoua :kele tal. ..... rial. ' 

,·Cèntr.al W,8ter,ing -Bay 

Grass bed s 'ass'ocla ted,''Wi th 'm.açro~.coplc, ,'non-calcareous 
•• ~, 1" 

\ ' 

~reen aigae '(matniy'Cauler~a ~n~ Dichty~ta) form north-south 
.... " f. \. ". 

or.te:ntated bandi'j 'in 'W8terlng' Bay .. (Plates 1 ~nd 2). The orien": 

'.~llt'io_n ls a result of the 8,trong nar~~ and south flowing tidaJ 

curr~6ts ln the bay. 

,'c 
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The beds have a maxi~um relié.f of'about one foot (9.3 m), 
• .& " 

above the • adj ace !l t san cl. D E t,o d e d' cre s ce n tic "b 1 0 w. 0 I,l t s" ' and, 
~ 

'. \', " . . 
stapilized sand wav~s (approximately 1'0 feet (3 m)....,long ~nd' 

, ~~ 
, . 

5. i n d~ e s (1 2 . 7 cm) h i g h") are ~ommon within the b~ds~~t'th~ 

\ '_J • 

northern et;ld of Watering Bay i~ water depths between 15, apd 

20 fee t (4.6 and 6.1- m) " 

The beds arë extrém~ly simpl!;! (Plate 7D):~al~ssia is 

the d~minant g~a~s wit~ minor Cymodoeea~ us aigae are 

rarè. Starfish and' the large gastropods Strombus gigas- and -

Cassis tuberosa were oceasionally obse,rved aroun and wltl)in 

the' beds. 

, The,proportion of macroscopie, 

( , 

" non-calcareous freen a~gae t 

in the,beds ihcreases with the amo~nt of gravel suitable.to aet 

a~ fipldfésts in'the aomin~ntly coarse sand su~strate. The grâvel 

is red algae-coated coral deb!iS (u~ua~ly b~ Poiifes porites). 
------.... , ...... \) 

-4 The proportion'~ there.fore of non-ealcat:eous aigae 

, , , 

increases southw:prds. 
I;,r , 
~ 
1 

" Shorewàrd Jew and Grand Bay~ 

The' shallow, shorcw.ard graà,s beds in the two south~rn bays 

are subjected to.stronger wavE7 action than th,ose 1'0 Watertng, 

Bay ,and are, therefore. mQre complex.' T'he gras~es are T.halassi,a. 

Cyl1lodocea and Diplant~ara; Thalassia being the dp'minant form. 

Calcareous alga,~ (both red and green), sponges, corals \~ 
gorgonians are aIl ab,und·anc: within these beds. The idE:ntWed . , 
fqrms are listed in Fig,ure 7. 

Except for .!2.rites divaric.ata and' P. porites, which livé 

throughout: the envitonment, the corala and gorgonians are most. 

<> 
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abundant se,awa,t)1 in depths -b~tweeo 5 and 10 feet' (1.5 and 3 m) 

I(1here scatterel) smai-i reef knob,s.'aré developed. -'-

--. Ci):cular and, crescentic shaped ",bIowouts" are eroded by 

,wave.s in water, depth-s of less thsn 5 feet (1.5 m) .. ,These ~.its 

are ul? to 15 feet (6.1' m) acr,oss and have a relief of one, fQot 

(0.3 m). The substrate, consisting of POrites porites and P. . -
divaricata rubble with in~erstitt~l coars~ sand,~l~ e~po~ed at 

the edges of th~ pits. 
f 

ceri"tral Grand Bax 

Below 15 feet (4.6 m) depth in Grand Bay the grass beds 
, -

change character whe~her the'y'are extension~ of t'he shareward 

beds d"r are separate beds. The proportion of Thalassia Is 

reduced, and Diplanth~ra a!1d Cymodoc~a, are the doqllnant: grasses. 

The calcareous algae are mainly green algae (Fig. ,7, Plates 9D 

and 9C). 

There is a gent.1e, almost indistinguishable_ re,lief between 

the higher interior of the grass beds and the adjacent sand. The 

substrate.' bath within and adjace-'lt ta the grass beds, Is fine 
1 • ~ 

sand. 

Patches of macroscopic non-calcareous algse. m'sinly' 

Dlctya~a and Sargassum, are also:develo~ed ln the dee~er parts 

of Grand Bay. The deepest beds observed, either of grass or 

algae. ~ere at, 25 feèt: (7.6 m) on traverse 16. , At greater depths 

in Grand Bay' semples were dredged, and the bottonÎ could not be 

seen because af turbid watér~ 
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PATCH REEFS 

Patch reefs in Wateiing Bay range in size from smJll 

Porites clumps 10 feet (3'm)' ac'ross to Grand Cay which ls an 

elIipti<al reef app~oximately 900 feet (274 m) l?ng and 480 

feet (146 m) wid~ (~late 2). Maximum relief ,o( the reefs 
o 

above the floor of Watering Bay ,is 15 feet (4.6 m). 
~,.~ 

• 
The reefs are poor ,in terms of numbers of species. The 

o ~ . , 

dominant species is porites ~orites with lesser amounts of P. 

divaricata and ~ astreoides (Pl~tes 8A and ~B). The latter 

two speC"'Ïes are c ommon only ne a r the top of the ree f faces a~d 
1 

on ,the ree f flats nea r low wa te r leveI. ' Other coral species! 
~ 1 

are 
,. 

present only at the' north end of Grand Cay which' 'i s a~feFted 

by larger waves entering Watering Bay from the northeast . 
. t " 1 

Monastrea,'anoularis, Acropora palmara, Siaerastre..2, and j{!llépora 

X 1 a~e aIl common at that locality. Calcareous algae, e~pe~ially 
.. , 1 

Halimeda opu,ntia, are major sediment producers 00 the patch reefs. 

Skeletal fragments of the molluscan fauna and the abundant 

echinoids, Ooiadema anti.Ilaxum and Tripneustes esculentus form 

another fraction of,the sediment. 

Waves affecting the shor~ward patch reef~ of Jew ~nd' 

Grand Bays are 1arger than those in Waterjng Bay. AS·B re su 1 t 

the sànd' sized sedim~t'is remOved from the tops of the Jew and , , 

Grand Bay r,~efs Ieaving mainly coral à.nd red, a1ga'l rock all"d 

\ 

gravei surf,aces~ Th-e dominant corals àre .massive Diploria 'and 

Siderastre1f. Miiiepora'and gorgonians are also common on the' 
,-

more open, 'seaward reefs. On the most shoreward reefs Parites' 

porites °and P. astreoides occur. 
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The-700-foot (213 m) wide, subclrcular patch reet near the 

cE1ntrè .of Grand Bay rises from a depth of 43 feet (13'" m), t~1 
· ,'T. depth of 10 fee~ -(3 m). The siopes and top a~e cbral and red 

algal grave 1- an\:! coarse sand. The prppo:rtion efQ'sand "increases 
/ 

dOWR the slopes and toward the landward edge. There,i~ a fairly 

heavy cover of macroscopic non-calcareous green algae over mQst 

of ~he grave1. Scattered ,growths of Diploria, Siderastre.a, Porites 

p~rites, ~ divaricata, ~ astreoides and Favia fragum populate 
, 

the top of j:he reef. Halimeda QPuntia is common over m-ost of the 

reef but is most abundant towards the landward edge. - A ra1.se<l , \ 

rtm at the northeast corner Is mainly coral and red algal roc~ 

CORAL GRAVEL BANKS 

Three areas east of Carriacou h~~e a shallow substrate df 

coa,rse coral grave 1 popula'ted by scattered corals and a hunda,nt' 

gorgonlan~. TheSe area~ could be classed as r~efs but are auf-. ~ 

ficiently d'ifferent ta be dis~uss~d. separately, The d,i f t'e re ne e' s 

incldde a lack of a rig(d framework, either 01 red h~g~l.encru~ted 
, { t ~ 

corals Of of Interlocking growing coral$, and a lack of ab~upt 

telief above ~djacent sands. Similarly. w~re there is abundant 

marine gras., 'corals and gorgoniads are 'more abundant than in 

those areas discussed as marine gra~s bede aboVe. 

The th.ree a~eas (Fig. 5) are: north of Grand C~y (5 feet (1.5 " -
m)de~p) a!=' the nor,th end of tbe barrier ree,t in Wlter'i?g, BI;lY (10 

tl:> 15 feet·(3 to"4.6 m) de'ep} and south of Tarlton's point in 'Grand 

Bay (7 'to ;~ fe:t (2.Lto 31 m) deep). Corais include small clumps of 

." 'r_. ,...t..... __ ~_~ 

, , 

. L' 

1 
1 

l, 
1 , 

, 1 

"c ....... ".:! 'f.!:_~·~ __ ~· ."' .. ~::.~,t~" . 
" 

J < 



,. 

" , 

" 

( 

/ 
/ 

'.' 

, . / 
/ 

, " 

, 

v 

-.' . 

-, 
1 

, " 

1 .......... , 

i 
f, 
" r 
! 

• 
( 

t 
! 
~ 
, 

{ 

J 

... ~ -, 

" -~ ......... -... ---" _. 

" 

28 ... 

Mont8strea 'annJHar~s' and -~.cat;e~-.:e-d ,h,e,ad", of Diplora',: g.iderastrea, 
Q 

, , . 
Po ri te S ,aIS treq.~', .L ppr:t.'t'e sand -ravia 1;ragum. Millepora is 

<>, ' 

pre~ent as blad,ed,Jgrowt:-hs"~ùid filS' crusts on gravel and'gorgonians. . , , f 

. The are~ in Gra,nd ~y di'ffie!,s from- the other 'tw'b in that there - , 
, ,-

'-l~.: .. 

~s abunda,nt 'Th~ia'ssi"~~ ~e~tu,(Unu~_ and;CY~Q~~ce'a :am~,ngl;lt, ~he ~o~al 
an'd- g'rave'!. ~ Raltmed's opuntia grows in al1 a'raas:.' 

_ 1 
, ... '" , 

't' 

STABLE sÀfm 
\ .-

"Stable U '~s li relative terll1. 

,..may be 'stable in a given enviroriment wh,ile med,ium sand And, finer 
, t 

i ~ 1 _~-

g~ai.n, sizes are rea,dily moved .. ~n 'the I;Itable sand,'environment 
,) 

e,ast; .ol parriBc,~u the sub-strat'e ·is fin'e sand with very 'littl~ 
. 

... gravel 01= mud. 
l. 

Sev-eral areas east DÏ 'Cil'riacou are, ,pr~te.c,t,ed ,fr~m t~e: s'tr?r1-8 

influen~ce ,cl waves and curre'nts. 

tion is 're f\tected 'Dy t'he ,lack of 

Thè lack 'o-f m~.ch'anical agita.-

c~rrent or wave-induced sedi~ 

, , 

wcf'r;m' b-~rr,ow huÎnmocks ~Plate SC), and by a greY,cast t,a the. 'color 

,p'ré'sence and',açtlon o'f"blüe-green- ,a;g,aè a~.d.lor bacteria a'nd 
~ ,. . 

~ungi, 
. , ' ' . ' 

,In an .agitatec;l envfronment. soft orga,ni,c fi.lm'$ pn sédi-.. . . 
. ' " ' 

ment gra~~s,are rapidli abraded, ind carbdnate sand appears 
. ' 

1 
white. 

, The,)~eg~on'.·b.ét~~~~, Gt"an~: C'.ay and th~ ShoJ;'e ln ~,atering 'Bay 
, \ ,'~ -

t's, 'Protee i:~l 'from wav~'s \>-y "Gran'd C\~y 'f..nd, II.d,j'aèerÙ banlts' and patcn 

r~efS~" 'th~Sé' '8~d the conf,ig~,r&:t'ia~~f t~~ sh~r~'i?n~<~lSO' nea171y, 
, " '. , • '1' , 

negate the !l~tlon of .tj,dal ;:u,rr~~,ts. \'ln loc~ll- areas SU.ch,.81J ,to 

,the Borth of raised grass be"Jà tidal, cur,ren~,s do 'not a.ppear"to, 

/ 

/ , " --

, 
1 • 
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evidepè~ of, strong" wav.e or c:urt:ent setto'n. 1(8 p.rev~~u~i .. y~ _ 

\ ~ ~ 1· 

af~ect the bott~m at aIl. 

,l'n 
. ,', 

Grand Bay' be10w 20'·f.eet (IL i m) d.e.p.th th>e're ,i'S, no 
, ' 

" 

, ! oted the ~ra~.~~s, in, this "eO~lro,nm~~,t, sr,e ,mainly _Di:'Pl~nt~~r~, 

and Cymodo'ce~ rather t'l:Vln' TiuiJ.assia 'as :in th~ '!Ihallower 1Jed~. " 
, "- ~r", ''"'' < • '.. ~ ." _ \" ~ 1 ~ ~ 1'" J ' , 

Th'a. d1f,fere.nces rnay be r'e lated ta- the - depths of, wate'r and d~gr~e 

~ .- --'~;"- . of ligli:t pen~tr!lt"ion, ',O~'~"t;lISO 'P,?S;~iblY :O'-d:iffer~~c~~,"in' t~J;'bu'i ... ::' . 'f- ~', ...... , ' , ' . , , '" - .. 
. ---~~ 'lk r. ~ -

~ --"":::"~",~ en,ce., Diplant~erli! and "c-ymo'dp-ce8 àppear to be more f,ragtle and ;" 

". Iess soUdIy root~d·'~~an. T,h~lass,ia~ 'and ,it may 'be th'st '~h~y 
~4 -~ , // . 

can 

l' 
l' 
l' 
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beeome the do~lns~t gra~èe8 o~ly i~ a s~able ~on~t~rbulent 

e n.vl ronme Il t . 
". 

cS 

, ,. 
l 

''tINs-tABLE SAND 

, 
Extensive -a,réas of medium tQ eoar.se 

" r , -
sent -in th~ l-sgoons of 'Watel'tng and çrand B~Y5" ' Tlu~'8e' à,J;ea'~, '"4:re' 

either rtha'llow 'or uriprotected 80. that ,the ged:Lme~t ':suifàce c'~'nies', 
(' l , ~_ ., 'J' 

under the influente of W8ves ,or ti<;la1.c:ùr.rents, and "'tb~"'sand' ts' 
t 

;actfvely ioved 4nd transporfed. Thi.s 18 'the 'inos't wid~spreàd . 
.." ~ l ' ' " ~ 

/ . 

ànd abundant environment i,n t'h.e ... s,rea ~Fig~?). "Th'e' slilall ~reas 

of uqs.tabl~ '8~hd 'a~,,~ct'au.q with the' réef~ 'Ol;' ms~ine g'fas'S bèds" . - , ~ .. 
. ' " 

a.~~~:~(:2"~ and 6.1 
, J- • 

• ~ ~ , , • - ~ • v 

stron~ r-eyer8ing ti.dal 

are ,Dot lnciuded her'e. . , 

'Mo,t;uf Wateilpg Bay ls'hetween 7 
" 1 • ~ l, 1 ~ J ' _ 

~ ·d~~p' and 19. af~ected by waves ,and by 

. ' . !l 
eur ... en~s whic'h~ disturb ,an,d tra,nspo'rt 'the .sand (Plate---1A and C). 

- --- ~ , 

. Lin.a': ~o~th~t!~n~~ngm:ai1~.~ •.• :nd :lg •• b.d~~.t~i. ~n~ir~ 
ontllè'nt have .be~ dlscussed abov~ .. • S'tromb~ gigas and Oréàste~ 
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~re com~only observed. 
. 

'''Log~e,dll:~atln, s'po.nges (P'late 7B).occur 

near, marfne grass or m~cro$cPP~C, non-çalèareous gt'eelT algae, 

beds. / Abundant wo.rms, smaii gas.tro;p()dS an~ pelecypods slso ;1.0-

habi the bottom. Features',on 'the sediment'$ur~a,ce vary'from 
, , 

sma l 'currènt lineations to, sand waves approximately 10 feet .. . ~ ~ ~ 

(3 m) long and 5 inches (12.7 cm) high. 

In G~and Bay the unsta~le g~nd environment ,iv ~reeent for 

pl!lroximj9tely 2,000 feet (610 m) behind. the barrier reef ahd 

jon ~he ~hoaling slope between the shoreward marine grasé be~s 

snd the sta'b'le,sand environn'lerltB. The·area i8 St a nearly 

constant:' depth oetween 10 and, 12 feet (3 ,a~d 3.6, m) ~ Me'dium 
, ' 

to coarse-g,rained ,san,d on the surface is strongl:y r'ipP,led 

(Plate gA) bY',s~condary waves passing shorew'ards from the reef. 

,The shor'eward edge of' this back"'r~e,f _sand ,fIat '(Plate j) i's a 
\ , 7", ~'. ... ' ) _ _ ~ • 

sl.ope of 25 ta 30 degi"ee g (Plate 9B a,~Q!'C) exte.nding to a 

d~pth of '20 to' 40 feet (,6.1 to 12.2 m) ,in -the"stable sand 

envi ronme,tl t. 

GRAVEL-F'LOORED CHANNE,LS 

~ 

Two chl;lnnels~ one off Point St. Hilaire and the other~ off 

J{-endeace Point -{Fi·g; 5), are fIoored by'coral-and algal gr~vel 

with intérstitial _a.nd patchycoarse sand. 

t 0
0 

2 6- f e e' t «(>: 1 t 0 .]. 9 tit) d e e p • 

ij'oth channels ar·e 20 

Sc.attered,-, Dip.loria' aDd $iderastrea heads, Montastrea 
) 

annulari-s,' gorgoni,ans, Millepora and Dlàdemfl 'anti·l'larum are 
• - l L " v 1 

prese"nt in ~he channel,off Point: St. Hilaire' •. There ,are outcrops 

'?,f the volcanic conglometate exposed on Point St. Hilaire to a 

, ", ,'.'," 

, , -. .. ~ 

, , 
," 

1 

) 

1 , 
l, 
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't'his ares ls t'he site of sorne of the strongesc: tida1, current:s 

behind,the barri~r reef, often re~u1ting in choppy water when 
~ 

the currents oppose the wave direction. 

There are no large corals or gorgonians in the chann-el o'ff 

Kendeace Point .. No c4rrents -'W'ere observed' there during the 

study. Ho~ever, the pres_ence of the channel and the texture 

of the ,E!.edimént indicate that currents are active here, probably 
, 

during strong easterly sto~ms when waves transport considerable 

water over the reef in ta the lagoon. 

REEF CREST 

This environment, from othe upp-e~ bre-ak J-~ alope .on~ the . ; 
reef front to the edge of the- back-reef ,sand', is the 'hiologically 

most complex and variaqle submarine e~vironment easf of Carriacou. 
" 

lt is the site of-macimum organiF prod~cti~n a~1 ~h~ obvi~us 

source area of most of the lagoonal sediment. -J 

AIl the reef crests mapped (Fig. 5) are -characte-riz-ed py 

extensive encrusting growth of red aigae, by abundant red en- . 
-" 

crusting foraminifera (Homotrema rubrum) ând, by the absence of 

sand except in small protected depressions. 
- , 

Severai sub-ènvlronments, anyone of which ·may or mey. not 

oJ' 

be prest;nt along a given tra"verse acros-s the raef, constitute the 

"réef crest environmen-t. From the seaward side the sub-ënvLron-

men~s are: the gentIy sloping outer reef 'terrace at 17 ta 10 

fèet_<S.2' ta 3 m) depOtJl, the spur and ·groove zan-e, the a1gal 

ridge, the boulder "fIat and the ra~ia1 z-ane.' 

Watering Bay barrier r~~f crest-Is nearly 10,OOO'fee~ 

( 3 0 ~ 8 m) '1 a n g and u p ta 1, 200 f é. et, (3 6 6 m) w i dé. ,1 t i s g e n.a raIl y 

.. 

- , 
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... 32 .. 
350 to 400 feet (107 to 122 m) wide. The reef crest on tra-

v e ~r S e 5 ( Fig. 6 ) i s r e pre sen ta t ive 0 f the n 0 rt he nt h a 1 f wh e r e" 
~ . 

the spur and groove and radial ~one sub-environments are 

a bse nt. 

South of approximately traverse 6 a radial zone ia devel

oped, reaching l'ts greatest devel'~prl!-ent near't,raverse 8 (Plflte 

2), This zone consists of ridges ~nd'channels oriented' normaL 

to the reef crest l~ndward of th~ algal ridge .nd bou1~er fIat. 

Maxi.mum relief la 10 feet (3 m). The chann~la are floored by 

coarse sand and coral and algal gravel. ' The ridges are ex-

~. .,. 
treme1y vari~ble and may consist of red algai coated bouidera, 

of cora.l and aigai rock,., of .1iving~Montastrea annularis or of 

l'1ving Acropora',p-àlmata (PI'ate QC). Seawa rd the r idge s me r.ge 

with the boùlder fIat and the .chanrtels becQme sha'11ower. MOun,ds 

com~osed main1y of Mo~tastrea annularis and areas of scattered 

ft. 
Acr.opor.a palmat'a lifpw-th'-·were pbl\erved in this zone. 

The be~t developed spur and groove features observed, ~n 

the r e e f front 0 C C u r ne art r a ver Se 9. The y . âre le s s. th an, 100 

fée t (39. 5 m) 1 on_g~ with le s s than 
! 

10 fee t (3 m), of ,ra 1 ie f. The 
, 
1 

grooves (surge channe 1 s) are /5, to 20 fee t (4.6 to 6. 1 m) wide 

and floored ~Y coral and red a ~ga 1 rock. 

On tr9 ve rae Il the re i~ Il major ree f pilas at 8 dtip·t'h 

of 50 tO,60'feet 0.5.2_ to 1.3 m). Strong wate":. currents liere 

not observed in the,pass wb ch la floored by m~dium to coarse-

srained sand'. The coarses sands .in the pass oecur near the 

b~ttom of the adjacent ste 

1 
1 

,\ 
1 

" ,:j __ ~ - ____ ,_ '1\ 
~ t • ~ • . , 

s l'ope s . 
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South of the reef _pass' to approximat~ly traverse 14 two 

r e ~ r i d-g e s are sep a rat e d b Y a 50 f 0 0 t (1 5'. 2 III\) de e. p cha n n e 1 
. , 

running,.parallel to the reef front and 'opening onto the reef 

pass " Shallower parts of ~be inner ridge have abundant 
. . ~ .' . 

Acropora palmata and ,MilJepora growt;h, ,bu,t for the m.ost part 

there Is little coral ~r algal gr08th an-~he ridge crests. 

The Grand Bay barrier re.e~ cr~st i~ not as.weII kno~n as 

,that of Waterlng Bay .. The few observations made oh the reef 

front indifate that spur and groove s~ructures are poo~ly 

deve10ped or absent and that the reef front terrace·ls m~in1y 

cora11ine and 8,lga1 rock with minor co-ra'I growth. Heavy surf 

conditions precluded examination of the a1ga1 ridge. 

A wide radial' zone is prese~t on the lagoon'ward half of 

the reef crest and Is extremely variable in cqmpositiàn and in 
. 

devéIopment of the rlclgès. Acroppra paimata Is not ~~ abundant 

as it Is on the Watering Bay reef crest. Montastrea annularia 

and Diploria are the 'moat abundant corais. Where the ridges are 

'of 'co,r~lliné and algal rock and growing cotals (Plate 68) the 

" 
relief la more abrupt th an in Wa~ring Bay. 

REEF SLOPE 

The barrier'reef slope environmènt is outside the: gen,t.1y 

aloplng ft;ont'terrace of the reef 'crest and extends from about 
, . 

15 feet (4. - 6 m) ,to 60 to 75 feet (18.3 _ t.a 25.9 m) water depth., 

-
The nat4re of the bottom, sediments and arganisms of the Water-

Lng Bay barrier reef alope north Qfl app,ioximately tr,aver8e 6.'5 

i8 outlined ia Figure 6. 

' . 
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To th~ s.ou'th of .traverse 6.5 the slope i~. gentler (6° 

,-

slope 

overal.!) and has .~ess coral growth. espec.iall_y on the upper 

" , 
parts. Ridges of living coral paraI leI to\the reef crest 

o~cur on the reef slope a~d have fIat sand areas behind them. 

They oc~ur ~rogressively'deepet on the ree~ slope towards the 

Asouth (Fig. 4). The Grand ~&y barrier reef slope ls probably 
d~ 

around 5 to 6 degrees. Ridges are developed at a depth of 

approximately 60 feet (18.3 m). 

Coral growth 1:s e,xtremely activ.e in this envirooment. 

Massive form$ such as Diplorta, Montastrea and Siderastrea are 

the dominant corals.! 

FORE REEF ... 

This envirQnment was observed only during dives near the 

base of the Watering Bay barriei- reef slope, and on a few' 
.... 

occasions when the water was unuBually clear, through a glass-. 

A, 

bottomed box from the surface between Little Tobago and Carriacou. 

Nort~-south ridges and channels .predominate. Sorne, and probably 

Most, of the ridges are sites of active coral growth. Sand, 

coral rubble and algal nodules make up the rest of the bottom. 

Gorgonians and sponges probably a~e abundant, as attempts to 

sampl.e the bottom with a snapper typ-e. sli&mpler often br'ought up 

piE;ces of these organisms. 

. ~. 

Kranck (1968) .reported' that, in thi!! region of the south-e't"n 

Grenadines, sand bottom is present behind the reefs and islanda, 

but that wherevar currents are ~uninterrupt;.ed, as in the fore
JJ 

.reef and inter-island environments, the hottom consists of coral , 

u<- ( 

_ . ~;i1j:~~~::~~;:~:i .' .. ~,{: : '-r,{ 
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g'"'rowth and algal nodules .. She interpreted thin patchers and·· 

striQgers of safÎc1 in the cora l' growth-alga-l nodule areas as 

being transitional, undergoing tldal and season~l changes. 

This Interpretation is probably core:-ect on the· bas(s of meas-

ured current strengths. 

SUMMARY AND DISCUSSION 

\ 

The submarine ~re'as east of Carriacou are the sites of cort-

siderable carbonate sediment production, transporta~ion an~ 
• 

de.position. Three bays are enclosed by a well-developed barrier 

cor~l r@ef lying from one-q~arter to one and a quarter mile 

(0.4 to 2.0 km) offshore. The f lora and fauna and_ the i r 

assoc_i.ati,ons Jn the ~arious environmenlts are- not significantly 

different than those described in man y Caribbean reef areas. 

The two main bays (Watering'and Grand) contain.the same 
. 

major reef and back reef environments (r~ef crest, uns table 

sand, stable sand, grass beds, patch reefs and beaches) but 

with differences in the!r development. Th€ differences can be 

related to diffe'rences in exposure to waves, size, bathymetry 
t. 

and hydrology of the two bays. 

G ra n d B a y i s mo r e exp 0 se d,la r g ers n d de e p e r th an· Wa ter i n g 

Bay. Larger waves impi-~ge on the reef front, and larger ,sècooo ... 

~ 
- ~ 

ar~ and wi?d waves are developed behind the reef in Grand Bay 

than .Wate~ing Bay, which ia partially protected by banks and 
, l 

smalt Islands to the east' and northeast. However, the bottom 

of ~atering Bay is scoured by reversing north-south tidal cur-

r~nt's which were not observed in Grand Baj. 
" 

.-

.] 
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" The above differen~es ca,use the 'follvwing contrast in 
" ...... 

s!milar environments ~n the ~ays: 

(1) Bea,ches in Grbd~ Bay arli\ weIl developed' and are compo~ed 

of carbonate sand transported shoreward' by thè wa~es. 
1 • 

Beaches in Watering Bay are poorly devaloped and are 

co m p 0 se d m ~ in l y 0 f b 1 à c'k , ter r i g e no u s s a fi d t r ans p 0 rte d 't 0 

the shore 'by ephemeral streams and sheet 'wash duIi,ng rain 

storms. 

(2) Shoreward Toalassia beds have a much more extensive and 

varied associated flora and fauna'in Grand Bay than in 

Water'ing Bay. 

(3 ) The runstable sand substrate in Grand Bay ls transported 
,~ , 

. 1 . • 
shor,ewar-d from th'e I>arrier reef into the deepe r lagoon by 

.eco~dary waVes. That in Watering Bay' is t,ran'sported 

mainIy laterally by stro~ tidal ~urrent~. 

(4) Nearly haIt' of Grand B/iY betwe.en ~he. shorewar'd Thal~ssia 

bed, and the barrier reef is deE7pe~ than 20 feet (6.1 m) ... 

and Is floored by stable sand which Is not moved by normal 

ws ve s. Stable sand sul>strate i8 uncommon in'Waterins Bay 

i5 and occurs mainly in. small areas associated with the outer 

edge Qf the shoreward Thalassia beds behind Grand Cayo 

(5) 
t 

A bac)<-reef radia.! zone ls weIl develop~d OIL the landw,ard 

side 'of the barrier reef crest on1y ln southern WBtering 

B~y and in Grand'Bay. 
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CHAPTER 3 , SEDIMENTS 

SOURCES 

/ 

~both Grand and Wafering 'Bays sediment is mainly 'Q,fo-\ , 

clastic carbonate with minor ampunts of terrestrial material 

in the shoreward areas. No inorganically produced loose car-

bonate g,rains were observed. 
- \ , 

Therefore, thé'main sedim~nt 

sources are those environments having a high productivity o~ 

o rgan'i sms w i th .'ci\f bon a te s ke le ton s. 

1 
Bar rie r Re e f s 

- Barrier reefs are"obvlous sources.,of most of the sediment 

in the b a ys. C (, rai s, cor ~ IIi n( .a 1 g ae 

co·mmon ,sediment contributors~ Jre aIl 

and Ha1imeda" the most 

abundant on the reef 

cresta where thëy a-re exposed to vigqrous w'ave"action and 'to 

we a ken i n g a n,d e r 0 S ion b y var i 0 u s b 0 r 1 n'g and g raz 1 r;1 g 0 r g an i sm s 

(see Gorea,u and Hartman, 1963; dis-cussion in" ,Swinchatt, 1965, 
\ ' 

Chapter 9, Mi 11iman, 1974). Other sedim~nt contributors on t~e 

reef c~e~t include the echinoderm and gastrORod infauna.' 

j 

, ' 
A wide range of grain si~es is produced on,the ~arrier 

reefs-from'3 feet (0.9 m) diameter bou1ders of Acropora palmata 

to m.u~-sized grains. ·It ls. extremely difficult to estlmate the 

grain size distribu~lon of aIl sediment produced. The re i s no 

,single pl~ce one could sample such a grain size distribution. 

The coarsest gravel sizes are pro~üced and transported inter-

mlttent1y by storm waves, and are 'concentrated on the bou1der 

fIat ~f the reef crest or immedlately ~ehind the reef. Sand-

, ' 
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sized, materi~l ~s probabl Y .. prO,duced and t~ansporte~ .in ,.t~ion 

lQad nearly' cot,ltinually by the waves and currents washing over 

the reef., Very fine sand and mud-sized m~terial. is probably 
q 

produced continually/and transported in sùspension load almost 
/ ' 

immediately. A lon~ term, detai'led 's'ampling progr.,am of these 

mater~als' would be required to estimate th~ rate and grai.n size 

distrib~tion of sediment producti~n. 

,Sediment produced on the reef crests is moved ~nto the 

lagoons by waves and currents pai~ing over'the reef. Sec\iment., 

16pes tr7nding to t~e northwest in Watering B~Y behind ~he 

~arrier reef indicate the direçtion of nét sediment transport 

under the influence of waVes and the domi~ant north-flowing 

tidal currents (Plate 2): 

. / 
Pa tch Ree f s 

The raIe of patch reefs as supplLers of sediment to the 

lagoon in Watering Bay is also' clearly evide'nt, on Plate 2. 

North of most of the reefs there i5 a dark "tail!' of green 

algae 'and grass bedrs. The plants use porit~s pOFi~es rubb~e 

swept'.from the reefs by the north flowing tidal éurrents as 

Sand-sized mate~ial • . ;; derived from broken coral. 

Hal.imeda anc\ coralline algae on the patch reefa i~ transported 

along the same trend. ' 

The one large patch reef in Grand Ba'y does ,not apP!'lar to 

sup'ply coarse' sediment to the adjacent deeper envit'onments 

except possibly ~or a small amount in a landward direction. 

The sedi~e?5 on the lower slope~ of the r~ef la as fi~e as ~he 
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sediment present in- the ad:jacen~ stabl~ sand environment.' , 

Marine Grass Beds 

The gene~ally abuhdant <alcareous flora and infauna of 

the marine gras/! beds' producê considex:able sediment. Withln 

the beds skeletal breakdown is probably mainly the result or , 
biologiesl processes su ch as boring by algae, pelecyp~ds, 

': 

worms and sponges, and grazing by fish and gast;ropod's 

(Swinchatt, 1965). 
, .' 

Wave action on .the shoreward beds probab-ly does hot move 

much sand-siz~d detritus seaward. Most material of this size 

gr a dei s t r a p p ~ d w 1 th i n the b e q s b y the g ras s.. 0 r m 0 ve 8 8 h 0 r e -

ward ontQ the bes€hes. Fine sediment moved seaward in suspen-

sion is quickly removed from the atudy are,a ,Dy çurrents,. 

-,' 

Beds in a'position to su~ply sedimeat to the unstable sand 

lenv·tr,onment (elongate, north-south beds in Watering Bay) were 

described above as laaking a plentiful associated calcareous 

fJor:a ~ànd f auna. Therefore, they are unlikely ta be important 

'sediment sources. 

Deep beds in the stable sand environment of Grand Bay pro-

duce caarse (Gasttopods and Hal1med-a) and fine (Penlcillus" 
, " 

Melobesla" Udotea) sediment. lt is doubtful thât: much sediment 

Is moved from these beds except for sorne of the fines durf..ng 

seve re s to rms. 
! 

ln gener~~'marine gr~8s beds ,do not supply much sediment 
t:;, 

ta a~jacent environmen~s bu~ dp produce and adcumulate sediment . 
in place ·(SC.Off~ll,' 1.970). ", 

," . , 

-' .' 
" , 

, '" 



l, 

j 

,t 
~ ,... 
~ 

~ t, 
t 

; 

. " 

" 

f 

J 
t 
f 
• l 

~ 
t 

i 

1 
1 

! 
,,1 ~, 

t 
~ . 

, 1 

C-

~ __ ...... ~.:....-.... ~_I........-,~4flJf#,.: *1 """~l''''''' s:'t ",.., ... JIt}".~e.r!:" J8Jf"IO~""''''f1_. ""'_""~"""""''''''''''''''.''Ji""."";",,,,,, .• _ .. ''':irt_ce _____ ~. ~ ... , fi. 1 -"-'~ 

1 

40 ... 

Fau na 0 f San d. ~ n v i r 0 n men t s 
~ , 

The skeletal part's of1.p~lecypods and e'chinoids livin.g in 

the san<l environme-nts form 'o-nly a small part of the s'ediment. 

, ' 
Cemerited _.linings of, burrows of shrimp and/or worms are often 

excavat~d by w,avea or currents and broken, supplying multi-

granular grains to the sedIment. 

'Tertiary Outcuops' 

, 
.Eoc.ene.' to, Pliocène outcrops on land supply main.ly sand-. 

, , . 
Bnd mud-sized materia'l ~to spme of the bèaches and shoréwarcÎ' 

Main source rocks are andes{tic and b~salti~ 

variable aggiomerates and tuffs,. Plag~oclase, pyroxene, olivine 

an~ magnetite are the main mineraIs, a~d the beac.hes are black 

where terres~rial supply d~minates (~ainly in-Watering Bayi. ! 

During a-rain stoum s~mples were taken of materfal washing 

down ~he cliff ~n the southern side of Tailton's Point,'of the-
o , , 

suspende,d materia'l in, sea Ij/ater a few feet ,from shore and of 

the bottom Sediment a few feet from ·shore: 0 X-ray diffraction 

analyses' of the leSB ihan two lD~cron si~e fractions of the three 

samples exhibited ,only peaks characteriOstic o'f mo,ntmorLllonitic 

and exp,andable claya. 1 • 

" 

Boulder depo.sits of volcanics and 11mestones are p'resent 

near shore at the foot of c~iff8 on the ~hr.ee mai'n<,poin-ts of 

land. 

, " 
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.. SEAFLOOR SURFACE FEATURES 

Features such as ripple marks and current lineations are 

~irect eVi,d~nçe o~the action of ,\~~ves and current:s' which 

transport bottom sed'iments and affeit their textures. Orient-

ations of th~5e features and the pat;hs followed by bottles half 

filled with, water and ~e~eased to drift with northerly flowing' 

ti-dal 'currents in Watering Béy are mapped .on Figure 9A. - . 
In Watering Bay the Jominance ;f northeriy flowing tidal \ 

.' 
currents is borne out by the abunoance of lrregular asymetrical 

ripple sets ~hi~h are steep to the north. ,As'ymmetricaf, ripp~e~, 

steep tc;>' the southt were of short dura'tioh' and were observed 
, l 

-only at two stations <tha,t were occupied for a. full day', two 
, , 

types of grain,move~~nt on planar' surfaces were observed Csites 
) 

i.ndic~ted by ~'P" on Fig. 9A)': scattered rollillg of individual 

grains a~ loc~tion 50, 
. . .,. 

and ,altation and F01ling of toarse sand 

ove,r the entire surface at loca.t!pn 45.' 

Regular, long-crested symmetrical ripples, indicative of 

'Fw-1ive action (Harms, 1969), are present only in' three 'areas: // 
, .,.., , .... 

immeqiately behind the reef, in the ,s~oreward third of the bay, 

and at 'the northern end of the bay wher~ waves are refracted 

around the reef and into the bay. 

In~and Bay very regul~t. long-crested sylllmetr'icai ripples 

indicative of the dominançe of 'w.ave action., w.ave~ passing 

over refract~d ~nd diffiacted, crossing the 

back-reef'8~nd fIat in different directions f;o~ dt,fer~nt \ .1.. . \ 
segments of the reef to produc~ a co:mple,ç pat~èrn of ripple ' 

orientations ,(Fig. 9A). 
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, 
1 GRAIN SIZE ~LASSES 

,\ , 

P.e rcen tage S 
"""', 

o~:grsvel (sleve diameter coaser than -10 

or Z mm) ,~~.Sand (4 ta .... 10 or 0.06 to 2' mm) 'and 'mud (fine r than 
'\.-4 ~-:- "1-- ( 

40 or O~06 ~m) in each of 20'4 seafloor, beach~and core sampl,es,. 

were plotted on a ternary dia,gram (Fig. ,8) whi,c.lll 15 divided 
.1 

accord.ing to the gra'i'!l size classification of Folk (1968) and 

'FOlk,'!:.!·'âx~70')" The classification ts modified in that on~e 

percent rathe~n 0.01 percent gravel cO'ntent i8 required ' 
~" " ' 

before the prefi~ ·'.8lfgfitly grav~llyl' lB appited. This, 18 an 
, 

:arbitrary divis.ion; used ta separate 'the samples in the "sand" 

and "sligh.tly grave,l}y sand" fields' more ~venlX for mapping 

t-.-
, purposes. J 

A strtking feature is the abundànce of - san'd followed by' 
'"' 

gravel, with littie mud-sized material. Only three sampJes 
'!II 

contain less than 50 percent sand and they contatn.mo~e,fhan· 
... ' 

50 'percent gravei. J~, TWO'of thes~ sa,mple's(.21, 38).were co~lecté~d 

"n~ar' the base ,of ',the ~eef front of W,ated,ng 'Bay and thE!. other ~ 
" , 

,(137'b). was from .ti l,1near deposit' of mOlÎ\.ucat'ànd ~oral debris/ 
, 

at the 'base of the s.ibge ,from the' baek-reef sand fIat in Grand 

Bay. 
, 

/ 

Of the' se Ven teen samp le s con ta4nin~ more th an 5 ',pe ~ce nt 

mud only five contain more than 10 percent mud: Th'e Diost' mud' 

ri c h sàmp le' con tai'ned 17,06 pe rcen t mud, and w~s from location 
, ,~ 

1 

~09 in a shoc~ward Thalassia ~ed on tra~er~è 14 in Grand Bay. 

Ot~er mud rich aampl~s vere 81so f~om's vreward Thalassia beds~ 

trom deep w8lie,r 'in ~~'Otral Grand and, Je Bays and f'rom c;te.pths 
'~ 

g~e.ter than 20 ~e~~ 
: i ~.'I:1ft,. ... 

(6.1 m) at thë n9rth'ern '~'nd of W,ater1ng, 

•• ' t.. 
Bay., (Fig- 9B). 
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GRAVEL 
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• y 

NUMBtR OF ' TEXTURA!,.. 
CLASS 5~M~LÉ5 

, 

~ '. , ' 

" s(i 13 

g5, 71 . , 
" (g)S' " , 4S . '- v-: ' ' , 

S ·69 
-i.' ' , 

'«' (g)~S' .' 
1 /, , , 

~ , ' 

gmS '1 ' ,>. , 

,-<) mS' 4· 
~ Total 204 .~ 

~. , .' 
.,,). 

~UOOy. '.sLv 
'. o ~ 

. .f' 
A' ! 

( 
- (;\ .. - .. 
~ 

1 .. 'S1~ , 
GRAVEL ~' . ( 

msG' 
0, 

.. 

, 

MUDDY'SANO' . mS' ~' 
~~--~~~--------------~~--~--~~~~~~SANDj 

MUD 1'1 9:1 
~'<)04.~O)G2 ~.M) SA NO: MUO ~ATlO (~-l0 ~ QJ) 
\ m (O..oS2-5 to 2 MM) 

t pref'J.~d by ·sli.9h}ly...gràvel ty. (g)'~ i'f > l ,p % grovet . f ' , . 
\ -

, , 

Fig. 8 TexturaI classe,s"of . .IIe~ime~t.' 
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Map~ of 't;exturel classes, mesn grairi s'ize'" ;~,rain size 
l , -

stand4r'd de'v'tation, sk.~wnegs and kurtosis ,are pre8e_~ted in, 

-'Figs. -9~, 10A, 10Bl lIA snd lIB reâpec-Ùvely. The 9tati~Ucal 
" , 

"parameters,"are moment mé8SUres (see Append'ix 1) caIcuhtèd ~y 
, " 

éomputer, ~s,ing. 5.5 0" {0[0225 mm) as tbe mid 'point 'o~ :'the pan' 

frllction 'Whictf was flner than 4 0 (0.06,25, mm). 
, , , 

'.. In th'c' fO."J:ereef envitonment o,utBj.de of Watering Bay' 

" gra'v'elly to slightly g,ravelly, coarse to very coarse sk'ewed',-
\ . 

meso- to 'Ieptokurtic, sand samples and un'sampled gra"yel areas 

a~~ attrihutable ta proximity ,~f'so~rce, in situ eoral and 

corallin~ aigse growth, ,abd stron~,t.idal currents.~ 

" On tbe' reef slope from south of tra:ve'rse 7 towards the' 

no~th there iB ~n increaee in grain Bize from maint y c~ar8e 

~and' to very coaree ~and. T.extut:es 'change from's.and, slightly'-

gravelly .Sand Qnd gravelly sand t.o'sandY'gravel, The northward' 

increase in g'rain sill:e probably reflect';s the ,develo,pment~of ' 
'j ", ; 

strongeT tidal current9 to' the nort,h in the t'éStrict'to,n betweert 

thé ree f and the banks around F0178 a,nd Ltt~l~ Tobas.0 -Islands 
\ 

(F i g s. l and J ) , 
. 
'" '. \, 

The sea floor on the réef c.r~ st 1'8 
.~ , 

do_inant!y ~oral-algal 

'rock, coral growtlt 8bd gravell as 18r~è 'as b6yl1der st.ze '(coa~'ser 
"\ 

than 25,,6 cm). Analyzed sand samples were fro~-small .depressions 

th the rock and' frolIl among st 'cora 1 s. 

In the uns table sand environment of Wàtering Bay ~be gràln 

Bize distribution of the,domtn8n~ sediment type le ~oderat~l~ 
,> 

w~dely dispersed; meso- to leptokurtic and either positively or 
.,;;., 

: .. -

, '. 
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Fig, 9 (A) Map of seabed feature8. 
(8) Map of sediment textures'. 
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negative1y skew-ed coerse sand. \'W-a~es have their. gteate--st 

inOuè'nce- in the immediate back' ,:'ee'f and ;t the open northern 

-, 

end of the bay. Osci11atory wave currents wi~now and r~move 

th,e fin,ef grain sizes to produce the 'coarser and 'more 'negative-

1y (coarse) skew-ed sediments in thes,e 'areas. 

S a m-p les f rom d e e p e r w a ter i m m.è dia tel y n or th, 0 f W a ter 1. n g . " 
Bay ha~e less ~ravel and are fioer (medium grained sand) than 

samples from the shallow bàck-reef area. They are also finer 

than s'amples from further north. This ls probab,ly a "s'hadow 

effect" to produce an. area of deposition. The coarsest grains 

8w~pt from the ,b'ay are de~o~~it:ed near the top of the slope, ttle-

intermediate sand grain si'zes come to rest on the slope and the 

finer gr~inB sizes are removed to the north. Further to the 

" 1& 
north the currents Bweeping ar~nd from outside~ the barrier 

.reef affect the bottom and the sed~ments are coarser grained. 

Fine sands and mud are swept from the ares and deposited in the 

lee df. the i s land 0 r in dee pe r wate r on the we s te rn s ide of the 

An t i Ile sRi dg e • 

In Grand Bay, samples from both ripple troughs and .ripple 

"-
crests were 'tsken at most locations on the unstable baek-reef 

sand flat, The grain size distribu~ions of ripple crest 

6amples have single modes intermediate to the modes of corres-

pondins. bimods'l ripple trough aamples. , Ripple trough sample,s 

always contain more gràvel, do Dot differ greatly in mean grain, 

size, are generally more widely dlspersed snd are more p'laty.kurtic-
, , 

compared to corresponding ripple crest ssmples • 

.. 

", 
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• VEit Y 

. . 
't..8- 10 ' CA) Map of sedimept mean gJ'ain si ze. 

(B) M.~ of d18pe~sion (standard'dev,atlon) 
of sediment grain aize dl.stribution. 
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Fig. 11 .(A) Map of se'diment grain s,lu distribution 
skewne sa. 

(8) Hap of sediment gral~.slz~ d~strlbution 
kurto81a. 
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In bath ripple 'crest and ripple trough samples, the 

shoreward decrease in gravei weight percent, mean'grain size, 

and 's'tandard deviation and the' concommitant increase in ~ega-

tive (coarse) skewness is the resl,llt of shoreward transport and 

progressive selection and-winrlowing of the reef produced grain , 
-

size population~,by wave action. 

The finer grain sizes, winnowed from the baek-reef unstable 

sand fIat, come to reit in the deeper stable sand environment 

where they form bimodal fine grained, moderately widely dis-
. 

p,ersed, sy,mmetJ;'ical te? strongly fine sl<ewed, mesokurtic sands. 

The general relatiye fineness, wide dispersion and fine , 

skewness of samples from shoreward Thalassis beds are the result 

of the baffling and trapping ef"fects of the grass. These pro-

cesses and effects have been discussed at length by Ginsburg 

and Lowenstam (1958), Swinchatt (1965) and Davies (1970) 

Samples from Thalassla ~eds in Wateting ~ay con~ain more 

mud and less graveI, are finer grained and have more wid.eIy 

dispersed and more finely skewed grain size distributions than 

dO'comparable samples from Grand Bay. Larger waves in Grand 

Bay cause greater winnowing of fine sediment sizes and greater 

in situ organic production of coarser se~ment. 

If the blowouts observed in the Thalassia beds of Grand 

Bay migrate (patriquin, 1973) there is a periodic re\{orking 

of the suhstrate to produce coàrser s.ediments. The surface 

semple grain size distributions may represent on1y a transient 

population. Deposits developed b~low the Thalsssia beds where 

blowouts are active cJrtfist of gravel with int:ersti,tial sand, 

• 1 

1 
/ 

" 
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and may be indistinguishable texturally from de~osi~s of 

higher energy environments onc~ evidence oE grass g~owth i8 c 

re.moved (Patriquin, 19,73). 

SCATTER PLOTS OF GRAIN S~ZE DISTRIBUTION 

STATISTICAL PARAMETERS . 

Scatter plo~s of ~he moment or graphic-statisti~al par8~ 

meters of grain size distributions agai~st pne another have been 

used by many aui~6rs in an attempt to distinguish between depos-
, 

itional environments and to elucidate sedimentary processes. 

<' 

Mason and Folk (f958) and Friedman (1961, 1967) are notable 

examples of studies employing scatter plots with spme success 

ta differentiate beach, river and aeolian deposits. Friedman 

(1967) has related the observed differences ta simple process 

models of beaches and rivera. Beach deposits are affected -mainly 

by waves, river deposits mainly by currents. However, su-bmarine 

\ deposits may be affected by both waves and currents in any.ratio 

of relative intensity. Also, in carbonate areas. sediment is 

produced ~ situ by the growth and death of organisms with 

calcareous skeletons. Therefore, consfderably more difficulty, 

"t 
has been expetienced io differentiatbng submarine environments 

by scatter plots of grain aize d19tributi~n statistical para-. -
. f 

meters (Hoskin, 1963). 
. li. -. 

Folk and Ward (1957), Folk and Rob1es (1964), Folk (1967) 

and Hoskins (i963) have found that plots of standard deviation,' 

skewness, and 'kurtosf..s versus mean 'grain size often result 
. , 

ln s~nusoidal rèlationshlps. The~e trends, which are best 
\ 

l deve loped for .beach samples and poorly developed for 

submarine samples, have been explained (Folk and Robles,. 

• r '" 
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,1964) , , result from the mixing :of distinct grain Bize popu-

related'. C,? different source materials (eg. skeletal 

.mater~als of d'ifferent org~sr,ns)" 

,Standard deviation ·vs. mean grain size and standard de

viations vS. skewness are plotted tor samples from Jew and 
, . 

Gr a R d B a y s ( Fig. 12) and for sam pIe s, .~ rom' ~ a ter i n g. B a y ( Fig. 

,13) .. The' various environments from, which the salllples'were . . 
taken are indicated by ~ifferent symbols which a1so indicate , 
samp1e ·loca-tities on the inde~ maps. 

01\ 
, 

No distinct groupings and separations of sample~ frQm 
. , 

differént environments would be evident without the symbols. 

Indeed grouping is somewhat obscure even with the symbols. In 

bôt~ a'r~~s the plot of stanqard deviation vs. mean grain size 

~as the greatest resolution. This is due mainly to mean gra~n 

si ze. Skewness is less di~ating of environment tha.n i8 

mean ,grain ~i ze. 

" ( 

No sinusoidal trends are readilY apparent in the plots of 

standard deviation vs. mean grain size. Although sorne trends 

could be forced from S'orne of the data, their reslity would be 
\. 

highly suspect, and they bear no relationship ta what i's \tnown 

of the preferential grain size distributions of different 

skeletal materials and possible population mixihs. 

" . The patterns of the] scatter plots may be explained in a 

very general way in terms of proximity ta source a~d current 

and wave effectivenes~. 

1 
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Je\i and Grand B!'I ys 

1 ~ 

1 

Samples from the fore-reef, reef front, inter-reef channel, 

immed~ate back~reef aqd ~atch reef are closest ~o or situated 

within areas of very 8.ctive sediment production. ~nd are", also 

~---subjected ta the strongeat wsvea. Fore-reef sediments arê 

a1so affe'cted. by 'strong tidal currents. Therefore samples from 

these "areas tend ta be coarse grained (Fig. 12). 'Éxc;e p t for 

four of th~ thirty samp1e~, which are medium grained sand, their 

·mean grain sizes fall. within the very coarse and coarse grained 

sand size ranges. Samples from these environment~ also have 
- . 

the widest range of standard dev~attons of ftny group of samples. 
t} 

Samples with wide disper's~ons (Le. large standard deviations) 

can be explained by their being collected in areas of in situ 

coarse sediment production. Narrowly dispersed grain size 

distributions of other samples are a result of strong Borting 

by waves,and currents and a lack of coarse sediment production 

nearby. 

Most of the samples ~rom the back-reef uns table sand fla~ 
;/ 

were collected in pairs from adjacent ripple crests and rtpple 

troughS'. Stnce this environment derivea ita sediment from 'the 

yarrier'rèef and ts not itaelf a very active area of sediment 

production, the samples tend to have a f1ner.mesn grain size 

and cS smaller range of 8tan~ard deviation vàlues than do the 

s'amples fr'c;m reef ass~ciated env:Lronments (Fig. I2). Ripp le 

trough samples are aIl bimodal. Ripple,crest samples are 

unimodel, with a mode tntermediate ta thŒ8e of the 'tro'ugh 
'; / ~ 

semples." Thetefore. these two groups of semples are not 
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dïst:in~uished from' one another, on ,the ~asis Çlf mean grain sizes, 

whiçh are similar. ·They are dLBtiaguished by'the wlder dis-, 

peision of the grain size distr~butions of the irough'samples. 
o ' 1 

~ipple trough samples' also plot separately from t'he r;ipple crest 
, v 

samples 9n th~ stapdard d~viation idispersion) vs. skewness plot. 
1 

in part,-because the, sorting powEl'r of ,wave's forming the, 
.' 

ripples caJs~s t6e grain siZe distributions of the rippl~ cre~t 
'" o 

" sam,ples to be neither pre.ferèntially CO.jlrSè skewed nor prefer:'" 

en,tialJy fin~ skewed. whi l~ the dominant fi.ne grained mode of 
< 

the ripple tiough samples causes th~ standard devia~ion of their 
1 {I _~ 

" 
gr~lin 's'ize ,distributions to be coarse ·skewed. 

The deep stable sand environ~ent is weIl removed from the 

barrier reet and is the only bBre sand area,not s~rongly affected 

b Y the win no win g a c:t i 0' n 0 f w a ve sor c, u :r '1' en t s .'- The r e for e, sam pIe s 

. 
froln this environme-nt t,end to be -fine graine,d and modera,tely 

w ide 1 y d 1 s'p e r Se cl ,( Fig. 12). 

Marina grass beds in Grand Bay have_~ ~ide Dccurrence: from 

moderately'Oqüiet water areas where theré'iS a' spar~e associated 

'. { 
fauns and fine grained, wide~ dispersed'graio size disfributions~ 

are deposited, to are.as of considerable agitation' where an . . . 
• 1 

a~u.ndant associ'ated calcareous flors s'nd_ ~~un't. ls developed snd 

cos,rser" g,rSined sediments '(coaraer frac~tions' ~,roduced .!!!. 1!..!..!:2.) 
, , 

with 'widely dis,persed' grain size dl-st'rloutioos accumulate. Thus, 

on the" scatter plots, the fl,eld of occurrence o~ grass 'bed 

samples ls wlde and overlaps mos~ fleld~ of other envl~onments 

(Fig., 12). 
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Beach" samples Were 'ail collected during sUmme'r montha 

,,' the surface samples are fine grain'ed as 'compared to samples 
, r 

taken one-half to, 2, lnches (1 ta 5 cm) below the surfac~. The 

e~arser ~u6surface laminae ~robably reiresent,wint~r beach~s, 

in equilibrium with larger winter wpves. AlI grain si~e di~-

tributtons lare tlorrowly to m~derately dispersèd ,and their seat-
, } 

ter ,plots 'overlap' into' the fields of'oecurrenc'e.-of back-J;'eef", 

'ûnstable sand ripple cr~st samplas and reef à9sociated"sedim~nts 
, , , 

, ' 
(Fig. 12). ,,'The grain size °distributionsdo not,show a tendeney 

t,o be ~ith,.er preferentially, coarse skewed or ,fine skewed. 

Watering Bay 

The irain Bize distributions of sam~les from Watering Bat 

show' ,a distinct t;rend •. They become finer with a s'light tèndency 
, , 

to be more ,widely dispersed, mQving from barrier reer environments, 

J 

to the unstabl,e back-reef sand,· to sand deeper than 20 feet north 

o f the b a y an d tom a ri ne g r a a s 'ls;e d a ( Fig.. 13). This progression 

is related to chan.es in proximit~ t~ sediment source and in 
'~'I 

stre~gtha of wav~s and curren'ts ~.'n each environment. The for.e-, . 
reef and reef front enyironments ar~ close 

l' 

to the sediment .source' 

and are affe~ted 'by large wsvea and 5tro~g currents. 
1 

The ba~k-

-e 
reef unatable, sand environment ia not an area of sedim~nt· pro-

, , 

dUCttion and ia affected by wealter waves and currents, than are 

l' ' 
the reef associated envirbnments. The érea north Qf the bay 18 

1 " 

not an ares of IJediment production ;-and .i8 the lee of hthe reef 

'and ',back reef sedime!lt 'pile wi.th ,tè'speet to the<str~ng north 
.; 

flowing tida 1 currents. Thè samp le 8 fro,\, marin;e gra~ ~: beds are. 
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aIl from shoreward areas which a.re nO,t g'reat ly af.f;ec ted, by 

waves and currents and do not. 'have an abundant associate.d cal-

careous flora and fsuna. 

CONS TITUENT ITION 

Wh e n t hJ~ s c a t ter plo t san d maps o~ statistical para-

meters of grain size distributions w~re dlscussed above it was 

na te d th a tri p pIe cre st s ~ m pIe s . f <> m the bac k - r e.e f Ban cl f ~ a t :l. n 

Grand Bay cons.istently have unimodal caaree ta medium sand size, " 

moderately widely ta moderately narrawly dispersed grain size 

distributions. Aisa the mode i consistently ~ntermediate ta 

th~ modes of corresponding bim dal ripple traugh ,samples. 

Samples from the adjacent dee er stable sand environment are 

bill)odal with me:t i c me an grai n si ze (fine sand) 

than the samples on the ,...1b.e cC?arse mode 
"J ~~ 

corresponds to the 'mode e ripple 'crest ·samples and the fine 

mode ls finex than sand fIat. 

The non-random pattern f occ~rrence of the grain ~ize 

modes may be interpret~d in two ways: the mo'-d~s represent 

1 

fund'amental grain size popul qons controiled by the size dis- ~ 
, . ', J 

tributions of the 

they are determined by: 

trol of, the gr,ain. :Bize 
~' ' 

di~cernible by determining 

cop'stituent gr·ain,s.· 

units of different organisms J or 

rt 'snd depositionsl proces8es. Con ... · 

by skeletal struct,ures should be 

grain size distributions of 

Constituent grain compos'itions of eech of the half phi siu 

fractions coarser than 3.5 phi (~.088 mm) wer~'determined'f~r 

three ssmples from Grand Bay. Grain counts of tl)e av'àilable 

j 
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grains in, thin secti,ons of each s,ize fraction. up ta a total of 
eigh t 

300 fôr each fradt-ion, were di'.1,ided into A- classes as follows:' 

,Halime da,'corals, coralline algae, malluses, 'Homotrema, echioo

f 
de rma, mi sce llaneous J and un~nowns (Append'ix' 2, Fig. 14): 

1 
The three samp}es were selected to represent the three ,main 

, '] 

types of sediment irain size distr~butions present"in Grand Bay: 

138 RT is a bimodal sample from a ripple trough on the back-

reef sand fiat, 138 Re is a unimodal s'ample from a ripple crest 

at the aame locality, 136 ia a finer gr~ined bimodal sample from 

the 'deep~i stable sand ~nvironment, 

Eve"n though the gra,in size distributions af the two samples 

collected at locality 138 are dissimila.r, the total constituent 
, '" 

grain compo~tions are ,essential.y_ the' s'ame ,<-F'ig. 14). The, 
./) .. 

change fn composition from 16catlo~ 138 ta locatio~ 136 consi~ts 

'ot" an increase in the abundances of Ha'limeda and coral fragments" 

/ 

and Œ decrease in those <>of coralline algae and Homatrem'a 'fragmen,ts, 
"- "-----------

the abundances of the other constituents remalUlrng the same, Ali, 
, . 

of the varying constituents are, supplied to the sample locations 
\ 1 

only"from the bar'riér reet' and the chang~ ~n ~,omp,losition can-' 

n01: be related to differences in' supply. and 'sour e,' Loc4tion 

136 ls 625 feet (1'90 m) further away from the r 'ef' than location 
, .' 

() , , 

138 and the change, iD c,omposition might be con i-dered a resu)lt 

af dlffer~nt abrasional resi8tan~eg ~f the ti tue ntl!, This 
,~ 

mlght explWln t,he decr'ease in abun4~nce lOf trema fragments 

.4-
: away from the reef, however corallf.ne algae, w th tts dens~r 

and' more compact m1cràstructure, should be ~ore reslstant to 
/(' 

abrasion th an Halimeda or corsl. In the ~ce of abrasional 

r.sistance data tHs hypo'hes!o ia no', 1ndis~u" ':h.\ ". 

1 
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The 1ef.t side of Figure 14 consists of othe grain size 

histograms of,each of the main cOmpone~ts in the three samples, 

~ In general the actual size distributions of the various compon-

ents reflect the overaII size distributions of the samples. 

Exce~ions are the molluscao and coralline algae fragments in 

sample) 136 and the, Halimeda fragments in 138 RC, aIl of which 

. have modes coarser than those of the overall distribut~ol\s. 
,1'; 

Th~ histograms demonstrate ~hat individual constituents 

do not have a strong effect on the overall grain size di~t~i-

butions. In arder to p~esent the data in _a form which llllows' 
, -. 

'recognition of prefetred grain size distributions of component 

ty'pes·,·, histograms of grain count perc'en.t per half phi interval 

r" ~ 
.were constructed ("c~ntre of Fig. 1.8), 'In this way the relative 

proportion of a gi"Vén. constituen't in a size fraction, independent 

of the abundancé of that size fraction in the who~ sa~ple i9 

Molll,lscan 

MOllU.~;J 

fragments thd-' to be an important constituent in 

size fractions c6arse~ than -1. 5 phi (2.83 mm) relative to the 

other.componeDt~. These size8 represent the whole or n.e.arly 

whole skeletons of the mo11uscan infauna. In,terms of absolute , " 

abundancè' however, mullusc fragment's show a non-preferentia! 

g,rain size distributl0,n or reflèct the oVérall grain 'size dis-, . . 

tribution. Thè size distribution of a pelecypod-gastropod 

·plac.er from Isla Perez, a.nalysed by Fo.lk a',nd Robles (-1964), had 

a somewhat coarser mode.t around -1. 75. phi (3 :36 mm). Conaghan 
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(1967) (ound that the pr9P~rtion of mo11uscan fragments,in the . . , 

various site intervals was more uniform than for most other 

constituents ~lthough there wa~ a tendencj for them to do~inate 

in the size intervals coarser than 0 .. 0 phi (1 mm) in some 

sa'mples and f.iner than 2 phi (0,26 mm) in other samples. Samples 

from Mahe, analyzed b,y Lewis (1969), ,a1so had a higher prop~r-

tion of mollusc'an fragments in th,e size intervals coarser than 

....----'-
0.0 phi (1 mm). _____ ~----~ .---

The uniform'micro-sti~ture of mo11uacan fragments resulta 

~n their breaking down in ~'uniform manner so that fr~gments -, 
do not diaplay preferred modes in restricted gr'ain" size ranges . 

'Corals 

Cor a 1 f r a g m.e n t s are, m 0 a t a bu n dan tin the s i z e 1 n ter val s 

around and' fine'r than 2.0 phi (0.25 mm) relative to the 'Other 

compone nt s. These prob~bly repres~nt the unit microstructures 

of corals, ·such as the 1.25 ta 2.25 phi (0.5 ta 0.21 mm) thick 

w~lls of Porites, noted by Folk and Roh1es (1964) to account 

for the great ~bundance of coral fragments around 2.0 phi 

(0.25 mm). Conaghan (1967) aJSo found coral ~ragments to he 

p'roportional1y more abundant in the size 'interva1s finer than 

2.0 phi (0.~5 mm). In term's of absolute abundance howerer. the 

grain size distributions of coral fragme~ts closely follow the 

overall grain size dl~tributions. , 

Coralane Aigae 

The absolute grain size distribution of coraillne algae 

.' 
also closely follows the overall gr:in SiZ~ distribution. 

,-

". 
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Relative to the other components cora11ine algae are nearly un-

,iformly present in aIl grain sizes with a possible slight 

preference for sizes arou~d 0.0 phi (1.0 mm). The relative 
Cl 

homogeneity and fineness of microstructure results in non-pre-

ferential breakdown of coralline algae in the sand size range. 

HaUmeda 

The grain size distributions of ~alimeda fragm~nts ~how 

the greatest development of preferential breakdown. indepenaent' 

of the overall grain size distributions. They tend to be more 

abundant proportionally in the grain size ranges'around -1.0 
, i" , ' 

phi (2.0 mm) and, to a lesser degree, finer t.han 2.0 phi (0.25 

mm) than they do in the, intermediate grain size ranges. The 

coar~er mode is composed of whole segments or segment which have ... 
been broken in half. The finer mo~e consists of fragm~nts di~-

playing the porous texture of the surface layer or single tubes 

or parts of 'tubes fr.om the interior. Conaghan (1967) found that 
?, 

'1. • 

Halimeda fragments tended to hav, a unilor~ distribution, with 

,no consistent m'Odes. Folk and Robl~s (1964) discussed two pre-

dominant modes at 0.5 phi and 10 phi, which they interpreted as 
". 

representing broken Hali~edaosegments one-quarter .the diameter 

of the.wbole segments and individusl aragonite crystal unite 

respectively. 

Given originally slightly different size ranges, dependent 

upo~ speci.es and growth conditions, the breakdown of Hali.meda 

segments tends to ~roceed in qcia~tu~ ~umps. The plat y, fragile 

whole segments tend tq break across into less plat y, hence 

... 
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Btronger fragment~. This breakage continues until the result-

ing plates are in equilibrium with' the stresses Inherent in 'the 

environment, Le. unti! there iS,insufficient lev'erage across 

the plate for the available force in the hydrodynamic environ-

ment to cause breakage. There ~s a lower Iimit to'this process, 

probably around 1.0 phi (0.5 mm) dia m,ft: e r wh e n the gr a 1 n i s 

/' 
/""" 

near equi-dimensional. 
/ 

Equi-dimensional Halimeda ains decrease in size mainly 

by The res~lting fragments have 

diameters of 2.0 phi (O. mm) and finer, rep,resenting the inter-

tube w,alls and p-orous outer layer of' the fine structure of 

. '~limeda segments Sorne grains of this size are also produced 

during break e of larger plates into smaller plates. 
/ 

T~,'Ultimate structural unite produced by abrasion in aIl 

stage'b are the ,aragonite cry't}tals in the 10 phi (0.98 microns) 
,,// 

Siz:e range. \Whether or not an abrasion or breakage product 

rema:l,ns in the environm'ent where it was produced depends on the 

grain tran,por~'(ompetence of the environment. For example 10 

phi dust will n~t rema!n ln a bea~h or ceef fIat environment but 

will be re-moved ~o settle 1n quieter environments. 

The above discussion considers ooly physical abr~8ion. 

8in10gical abraaion eaused by browsing fish, holothurians ~nd 

gastrapods. burrowing organisma and blu~ green aigae must a1so 

play ~ raIe fn the bteakdown of carbonate grains but is consid

ered to be of l~a,ser, importance in the shallow baek-reef environ~ 

me-nt studied. 

/ 
1 
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SUMMARY 

The main sources of bioclastic carbonate sediments eaflt 

o f Car l' i a cou are 'b; r ~ i e r r e e f s . -p a t J h -r e e f'S in. the 0 a c k'- r ~ ~ f 
. ~ . 
areas are important.suppliers of sediment only in Watering Bay.' 

Marine grass ,beds"do,not supp!'y much sédime'nt to adjacent 'bare 

san den vi r 0 n m,e n t s but, d 0 pr 0 duc e and a -c c u mu 1 a te con s ide ra b le' 
, . 

1 

sediment ln pla~e: The Infauna of the sand inv~ronments fo~m 
, , 

on1y li s'(II8ll part of fhe sediment. Terrestrially derived. sands 

He imp'ortsnt" companetu "on1Y in besch and véry nearshore envl~
onments of Watering Bay, wher~ waves are w€ak and do not supply , 

the nearshore environmen~s wlth much bioclastiç ~arbonate sed-

imen t. 

Maps and the statistical parameters of 

~rain .• ize ,distributions are consistent with the relative 

'i\teasit,ies of waves a~d currents as d,eterm'ined by seabed surfa'c~ J 
features and genetal observation. Used in conjunction with one 

another the maps 'and scatter plots also al~ow sOlJ1e ,genersl in-

terpretation of t~.nsport and1depositional processes_ The 

scatter plots by th~mserves do not allow separation of environ-

men t s. 

Samples fTom Thalassia beds have grain size èfistrlhutions .: 
( 
\ 

.with wideT dispersion and finer skewness thsn,samples fTOm un-, , 

stable sand ~n~ironments st the same water depth. Thalassia 

grass ,p,rotects the bottom from wav~8 and currents, allo.wing 

finer grain 'sizes to he deposited. Larger waves in Grand Ba~ 

than in Wate,rlng Bay cause a greater winnowing of ff.~e grain 

sizes, and gre,ater !!!. ~ organiè p'rqduction of coarser grains. 
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As a re,sult Thalassia bed sampÎes from Watering Bay are finer 

grai~ed and have ~oie widely ~ispersed an~ finely skewed grain 

size distributions.than do c~mparable samples from Grand:Bay. 

Tne grain si~e distributLons of samples from Thalassia 
, , 

bed~ may be'a transient feature of the'deposits. Migration "of 
\. ' 

blowouts within the grass ,beds (particularly in 'Grand Bay) 

would result in period(~"winOowing and final depo,sitio-n of sed

iments indistinguishable texturally f~om d~poslts pf highe~ 

energy environments. 
, 

ln Watering Bay lo~g crested symmetrica'l ripples, indicative 

'of wave action, are present only Immediately beh!nd the blirrier 

reef, in the shoreward half of the bay .. and at the northern end 

of the 'bay." ,Current lineatio,~s and Irregular crested, asymmet-

ricai ripples, which are .. steep to the north, attest to the 
. , 

dominance of the nôrth flowi.n"g .,tidal current over mosl of the 

bay. rhe currents transport aIl s'~nd size, q\ater'ial. supplied by 
. 

the reefs northwards. Coarse san~s are dep~~ited near the top 

of a slope into deeper wate~ st the open northern end of the 

. 
(:, b-a y. progressively finer (medium sand size range) sediments 

a,re deposited down the slope., Furt~er north, the grain si~e 

e"-.;;/ , . 
J of bottom sediment ls a~aln coarser·as strong tidal currents 

from outside of the reef ~wee~ around the northern edd of the 

barrier reef and swing towards the ~est north of Carriacou. 

Some of the fine sand and mud produc'ed on the 'reef and in the 

bay is de~osited interstitially ln the, coarser sedime.nth How

ev~r, ~he bul~ of the finer grain sizes does not come to re,t 

" 
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within thë study area and must be deposited in the lee of,the 

island or in deeper water on the western side of the Antilles 
& 

Ridge. 

In Grand Bay there are no sea floor features indicative 

of current action. Waves crossing the back-reef unst~ble sand 

fIat in different directions from different segments of the 

barrier reef produce an compl,ex pattern o{ regular, l.ong crested, 

symmetr'ical ripples. Tra~sport "and ""innow'ing of ree'f 'sediment 

shoreward by wavee result in decressing mean grain si~es and 
. 

increasingly coarse skewed grain size distributions aeroes the 

back-reef fIat. The finer grain sizes, winnowed from the back-

reef fIat, come ~o rest in the deeper stable sand environment 

of central Grand Ba}l:. 

The consistent pattern of occurrence of preferred' modal 

grain lizes in ripple 'crest and rip~l~ tro~gh sampJ~~ fro~ the 

baek-reef fIat and in samples from the adjacent staple sand 

environmenF is not controlled' by the ,br.eakdown of dlfferent car
f 

bonate skeletons i~to preferred grain, siZ'es con'trolled by skelet-

al ~tructural units. Only the breakdown of aaPimeda appears to 
• 

be strongly controlled by orgenic ~t~ucture, but its preferred 

grain sizes are not related te> the modes of the total samp'le 

, grains size distributions. 

The preferred grain size modes are 

processes of ttansport and deposition of sand 
, , 
back-reef environment. 
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~HAPTER 4 - HYDRODYNAMICS OF SEDIMENT TRANSPORT 
'v 

PREVIOUS WORK -, 

. 
In general there are two approaches followe~ concerning sand 

transport a~d depesition. One approach, typifiec! DY the preced

ing c,hâ'pter, consists of treat~ng gr~-in Bize data and their 

deri~ed st~tistical parameteis by one or more analytical or ' 

plotting techn~ques in an effort to place them'in empirically 

and broadly defined environmental grouPlngs: Often an attémpt 

is made to relate-the reBults 'to processes or '~on-quantitative 

process levels such as 'winnowlng action' or 'high energy'. The 

other approach ap'pl1es h'ydrodynamic theo,ry--ând J:..~JJ,me stud:les of 

sand transport and deposition ~or whicp there Is a considerable 

11terature (jee consolidated bibli9graphy in Middliton, 1965; 

,Jopling, 1966). The main geoIo'gical usé of mOBt of- the studies 

has been to interpret prim~ry sedi~entary structures in terms 

of f(OW regime. 

, A few st~dies have attempted to apply results ~ theoretical 

and xperi~ental work to gratn size distributions of the .a~erial 

transported and deposited. USing an e~pirical transport 

ency curve, Ioman (1949) 'speculated on 

sorting effects of unidirectional flow i 

Brush (1965) performed flume experiments to test the ~asic 

,equation describing 'the equilibrium suspended sedimey cO,ncenera

tion profi le in steady, ewo-dimensional, ope,n-channel flow and 

speculated on bed-Ioad sort~ng due to 

the lee_, face of dunes and ripples. 

" 

l1d1ng at 

1 
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sediment Borting and gr~in size distribution in suspension 

tra,nsport and depos i ted in thè lee of sma Il, frum~-produced 
, , 

deltas an.d then (J'opling, 196,6 ) app lied thèse results in a 

ver-y detaileo hydrodynamic Interpretation' of a si:milar~ natural 

structure-o'f,Pleistocene age. 
o 

a~ore theoretica1 and experimental results"-can 'be a'pplied 

to the geo1ogical rec,ord with sny degree of confidenc~, 
~ 0 

must be tested in modern natural sitùations wh~re one 

in situ 
" . ! 

measurements of the process inputs as we,ll as of the ---.--
, 

texturaI and sedimentary, structura'l,responseS. Whéther o~ot 
JI; . . 

the responses, as pr'eseryed in the ancili!nt record, allow fl~equate 

definition of aIl the parameters necesssry to interpret the~ 

px;-ocesses has been, and remains, a major stu~b1ing' block. 

" c , , 

Sternberg (1967,. 1968, 1971) and ~achel and 

SternBerg (1971) used a special reMote instrument ~ystem con-

sisting of 

(5 t'e r§ tè x:g 

st~cKed current metres and a television camera' 
• 

\ 
and cr~ag~r, 1965)" to measure tid'al current boundary 

..... \ J 
~, 1::. ... ,l ç,. -

~aye.r côndHi'ons and ~o obse'rva Inftiat:f,on ôf' sedim nt movement 

. " 
and.ta~s of .. rip,ple .niigr~ti~r:t,in,marin,e, c,han 8 .up to 42 me tre s 

d~ep otf nor~hern Washington Stat~. be di.scùssed 

in Chapter V in connect~.on with th~ Garriac gene ra'11y 
, r 

compared faNourably w'it\t', sedi,!ÎIent' ~r.an'sp,ort theory.' an~ flume 

stu~y result's . 

'Ii 
Dye r (1972) re lated va'ria tio,ns 1.0 bed sh, al' , a t re S"8 (de-' 

( , 

, rived fromrmeasu'red tida.t :cutren't velocity p~ofile8) in ,the.West 
\ ,. ' ,~" , 

SoIent between Englarid- and the l$l~ of Wight to ,the 'topography, 
~ , • ' [1 'r 

of sea floor, gr~'Vel ~aJ.~8, an'd' s.us~~sted that these va~iations 

, ' , 
" , 

1 
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, J ' , _ 
can ·producé sil11ultaneous,deposition of sa~d and g,ravel ln 

varying p~oportions, 
, .(' ..... ~ 

Allen (1971) 'compared the ,areal varia'tion of'tidal current 
, , 

veloçity ~nd sea bottom orbital veloclties of w~ves in the, 

" Gironde Estuary' to t,l 'areal vari~tions of 'bottom sample, gr'ain . . ~ .-
, ' ' J, " 

size parâmet,ers. He, foutld- texturaI parametecs refl-ec'ted the 
." ~ . ~ 

variations of the )s.t:-fè)ngths and ratios of tidaI <;urr~~"t' and 

wave 'ène(/g"ies as 're.,resented by velocitie8 s').d these ln turn 
Q 

we r e con t r 0 11 e d b Y the bot tom t @ P 0 g ra p h Y • He a 1 .s 0' ,c 0 n c lu de d 
.. 

that 'hydraulic analysis and e~o6ion curves'can ~rob~bl~ be 

effective ly 'Used in analyzing ,modern: depositional -environments'. 
... !' ~~ 

The above studi;s a11 d'eal with' sedimeht tranSPQrt in uni-
• \ ' 1 .1 

directional flow. either' i~ stream or tidal currents. In the 

~". - . 
9tudy of $ediment tran~port b9 osciIlatory (wave) currerits the 

e~perimep~81 wor~ by Bagnold (1946) and Mafio~ar (~955) ~nd the 
' .. , , "'" ~ 

,8na,!Y~'lca'1 w'prk of Komar'an,d Miller (1973. 1975) aM! used e.xtjns-
, " ( , , 

in t,he f~1l0wing s.ecti~ns.-'Cook and Gors-Hn~ (1972) 
, , . 

,e~,p.l.Oye,d', w,a,v~, ~n'd ,wa~~. ~u~,ren,t nieaSfrè~ents and, ~sediment t~~ps 
'to $~udy s~nd tr~flspo,rt 'by sho~ling waves, 'off ,s(!ver~l beaches 

. . 
~n' aouthe'rn Calif~rnia. -, 

,'" , , .'. '/ J 
In, th~ pre~eRt 8tud~ yery limi~ed wéve data were coliected. 

't, ,.' ,\ " " 
.aow~ver~ ln Waterlng Bay tldal ~u~rent velocities ~ere'meagured 

and ji"ed~IIl:e-:nt't'r'a'p8 were u$ed.to sample S~dime't1t', act'u~dly tran~ 
cr 

por~ed uader ~arytt1g condi~ioris a~d at different levels near the ..... ; 
>, • " •• 

sedtm.e:nt surface. As flir"'8 the- author i8 aware:' th1:a,18 the 
f D 

:only .s'ucb ,stu~y in a n:a~1fe uni~irectlonal flow,regime. 
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; , 
1 APPLICATION.OF SAND TRANSPORT EXPERIMENTS AND 
lT~EOIiY, TO_ SKEL~CARBàNATE ~RA~NS IN SEA WATU, ~\ 

1 Mpst ""perimental and theored'ca! 'data and resu!ts pe~ain' 
{o te rrigenous. dominan t ly quar t'ose, sand. in fr:.h w,a te r, To 

~I?PlY tli,ese data and resu1ts lLo 'ske1eta1 carbonate ~}ains w th 

c'omp1ex'ls'tructu~eB. and shapes and high1y variable bulk dé aities 

(Jell'et al, 1965) requir"es some theoretical modificati ns and 
b, . , . , 

justifie'aU'on. The on'ly' h~odynamic par8mete~ of s~e etaI 
~ j , • 

carbo~ate grains for which there L8 sufficient data is the set-

t li n g :ve 1 0 c i t Y • 

Maildem (1968) measured the 'intermediate diamete ,(approx-, 

imating siev~d 8izes~ and settling ~elo~itie~ of indlvidual 
l, ) < 

skelet8,1 carbonate ~rains in sea,wates-- The values f~r Halimeda 1 

cor a 1 li ne a ~ g a e S'h cl cor, a 1 g rai n S El r e r.e plo t te d i n Fig ure' 1 5 and . , 

compared w-ith settl'ing ve,1.ocity curves calculated by Rubey' s ' 

/ l. > ' 

,(1933) gener,al settUng ~quati~n .• ~he theQre!~cal. cur,ves are 

fn; qu~~t'" spher,e; i.'-fresb vaUr.8t."2S· è a~O'li~ ara~onite 
and calcite sphere,s in se~ ~ater st 23.5 0 C.' The sett..1ing., 

" ,,~, ,- , . 
" . Je lac i t i e s 

.:"....-:-< 4 ~ fi 
---?/ '-;, 

of oatural grairts generally plot below these curves 

1:: ,/ / be,càuse of low~r bulk densitles and/or i~~~gular shapes. Settling 

, t 

, ~' 

<J 
1 

/ 

/1 
, • 1 

4' i" 
r7 JI 'i 

• ',// 'Ih 
, f:' 

'ft Il 

~ fi 1 r· 
1 j 1 j(:: 
, r Ir f' '" , 

,,1/ 
-I,(} 

, ,(' ,1"/1 < 
f l' • Ji ,'/tl ll~ fi, 

! ij ,/',{ " 1 
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ana.l'yses of s'amples from Grand Bay are rep~esenta,tive 'of' back-, 

reef sediments eas~ of Carriacou (&1 to 68% cQral and coralline 

a1gae and 12 to 2l%,Halimeda). Settling ... 
curve for sie1etal carbonate grains are 

\ 

velociites on )he 

appro~imate;y 0% 

average 

le s s 

than on the curve for~uartz spheresr 

, From ,çhe data ~n b 1k density of carbonate grains in Figure 

15 lt would appear that t e average denslty for a mi~ture of 
\ 

~ skeleta1 types Is slight1y gre~ter ~han far quartz (ap~roximately 

J' 

2,~7~ versus 2.65). An Increase in bu'1k den'fJity of 0',05 would 

have the effect of increasing ~ha settling ve10ci~y by less than , 
2%. Therefore, the 207 .. difference In.sett,Ung veloc.ity is a 

" 

r e sul t m~ i n 1 y 0 f 8 ha p e fa c t 0 r s. , 

After' si~e. density and shape are a1so the main sediment 

grain paramel:ers deter'mining' thyshOlél' of m<?ve~ent velocities 

and transport behavior in bed load. From the'~above discussion 

.' 
4en's~lty ~iffe're'nces can be Ign,ored. However, the effects of 

ehape v~'ri~t{~ns in natural carbonate ,sediments are likely to . . 
1 

" be .i\p~rtant but cannot be de'termined exactly becau.se o~ the 
, ' 

If i rregu la r· and wlde va ri a ~ion ln shal'e. . The emp'~ rica 1 aye rage ( __ ~ 

Il ~.ettling ~ve.locity .curve. ~Qr 'ske~~tal carbonate grain~', (Fig. 15) ) 

wÜl be u·sed .. T~ols cur;e Is approximately e'ql,liva'lent to that 
\ 

for sphere~ wlth a den~ity of ~.2. genetal1y spheres are. ~asler 

to dislodge and roll tha-n are irregulsr s-hapes,( which usually 
", "" , 

, • ." 1 }. , ~ 

come to rest with their minor a~e_ near.ve~tical and·their centres 
" 

"df gravit y low'r than th~~e of sph~res o~ eq~~valent sl~ve size. 
"' , 

(approxlmated byo intermediate diameter)'1 
, -If. ". 

"~hu8 it may be expected 
:. ., w ~. 

thst gr.eâter",ahear.fI,tress wo~ld 
'. ~ "'r~. ' .to 

." 
h 
1 

be required t6 lnJtiate mov~ment 

.' o·f irr!B\Jlarly' shaped caDbonate grainl tha,n would 'be requlred t.o 
~ 

, 
t 

1 

,0 

" 

'. ," 
, 
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. 
initiate mo.vement of the mO,re equànt and regularly shaped quartz 

,1 
grains generally used in studies ~n which erosion competence 

\ 

cur"es are based. 

From the 'above', It is probablé that higher current, veloclties 
\ '-

are required.to inltiate ,movement of carbonate grains than equiv-
\ ' 

\ \ . . 
~ aIent 81ze quartz grains .. In t~e ab.se.nce of-a traction compétence 

curve for carbcnates, a published traction competence curve based 
, " '. . 

O~'te~lgenous (mainly quartz) grains in fresh watet will be used . 
......... 

Bottom observations" current measurements and se~iment trap x:e- . 

sult$.w~ll se~ve as a check cn the applicability.of the curve to 
, 

carbonate sediments in se~water. The effect of using th~ co,-

peten~e' ·.curv~s 'lor" qÙ8rt'Z"j--whiçlLç_Q.nsi~ts _of veloclty 'versus 
\ . .', - . . . 

mea~ g-rdn size, should be- to diSPla;e th_e_~parent repres'enta-
" ------ ----

~ 

tlve'grain size towards the éoarse tail of the grain si~e distri-

bu~ions. 

." Unidirectional Flow 

A ~ore ccmplete. deve10pm~nt and discussion of hydrodynamic 

theory as lt related to ~ediment ~roslon and tranap~rt in.~nl-.. 
directl·onal. fl'ow may be fou·nd in Inman (1,949)~ an'd .Inman (Chapter 

-~~. 

V, in Shepard, 1963). 'Onlya phf outUne of the important 

~heoretlcal r~lationshlps i~ p~esented hera~ 

Shear velocf" (u*) la defined as i measure of shear stress 

(r 0) exerted by f'Uid f~o~ on t .. he bottoD\ such that: 

. u* -YïoljJ . . 
wijere p is the fluid density. F~r currents over a roug& surface 

(one in w~ich surface irregula~itie8'~roject through the boundary 
'. 

aublayer aQd tûrbûlence extends to the very bottom)wher~ velocitt; 

la ~.1.t'4 t •••••••• ras. 0.1:.1tY (;, at •••• di.t •••• a .g... \ 
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the bottom by ~he von K~rman-pr8n~tt equatlon: 

" 
w.ft'ere ko la the von Karman èonstallot (approxlmately 0.4) anq Zo 

ls the roughness length related to the helght of the bottom 

roughness t:.lemellt~.· Thia equatlon accounts for dep"th of f!ow 

below the me8surèd mean average veloc,ity and bottom roughness, 

both of which haJff a strong effect on shear stress applled'to 

the surface bele a flow\ of given velocity. The logarithmic. 

von Karman-Prandtl relationship allows plotting of veloct~y 
. . 

agalnst the logarithm of height above bottom, and straight line 

extrapola~ion to a velocity of Zero to ob tain an app~oximatlon 

of r'oughn~s8 length,(methocl more fully outlined by Inman, in 

Shepard, 1963). The values of zo' ü and,~ may then be used to 

" calculate ~hear yelocfty. 

The von Karman-prand~l equation may b~ simplified and the 

t 

roughnes8 length term re:moved "by assuming that 1:0 1s small rela-
111\ • ; 

tive to, two heights a?qve 1;ottom (Zl and.,Z-2) at w~ich average 
'-. . 

velocities (Ul and D~) ere ~ea8ured. 
1 . 

Then: u* - ko D2 - Ul 
ln (Z2!Zl) 

Ttre ,bove equatlon may be used to directly calculate shear 

veloctty. 

The threshold of movement 01 cohesionless grains ori a " , 
planer bed can be defined by the threshold shear stress or 

corresponding thre8hol~ shear velocity whiçh is Just suffi~ient 
:l... ... 
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to overcome the gr~vi~Btional ~nd irictional forces holding the , 
lesst ftrmly ~edded g~ains in place. Inman (1949), using 

e~perimental data from White (1940), the U.S. Waterways Exp~ri-

mental Station~ and Nevin (1946), calcu1ated thresho1d shear 

velocitieS which he plotted against,gràin size to produce a 

competence )curve' (Fig. 16). In th'ls figure th~ grain size 

axis has been reversed so that coarsest diameters are to the 

l'eft for comparison with standard "~rain size histograms. The~e , ~ 

va1u~s of u* are general1y referred to as thresho1d,criteria 
; / 

for initiat~on of grain movement, when in actual fact they are 
• 

based on measuremenDs for general sediment mo~ion (aIl grain 

size!l".on the bed in mor<e or Iess continuous motion). However, 
. 

Ste,rnberg's (1971) detailed observation,'s and data indicated 
C . 

\ 
that the compétence curve based on u* i8 applicable to terrigenOUa 

~diments in the natural marine environments. His calcu1ated 

times of initi~tion of genera1 sediment 

motion on a variety of beds with different "frain sizea and beddj,n~ 
t 

structures corre1ated weIl w~th the competence cur~e. 

The data used to consd'uct the co"pet'ence "curve based 

on experiments with bed matetia1s of. very 1i~ited gtain size 

ranges, ~slng the median diametei as tHe re~pre8entative dia-
.." 

meter. Sternberg (1971) used mean gr~in diameter for grain size 
." , 

distributions with phi standard deviations ranging from.O.~ phi' 

(weIl sorted) to 1.97 pol (poorly sorted, approaching very poorl Y 

sorted). AS reviewed by Jopling (1966) 1 the buUt of) evidence 
"' t 

frçm experiments using variously "sorted bed materials .. ~ug8ests 

, 
il> '. 

E ' 
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SEDIMENT TRANSPORT 

COMPETENCE CURVES AND ROUGHNESS 
CRITERION FOR UNIDIRECTIONAL FLOW 
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Fig. 16 Relation'of grain size to scttlingtelocitY 
and to threshold shear velocity an roughness 
veloci"ty in ûnidirectional flow: 
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\ 
that coarser particles tend to move firat eX',ePt where the grain 

size distribution of the mixture is very pootly sor~ed. Turbul-

ent eddies generated by the coarser grains of modJrately sorted 

sediment mixtures do not penetrate fully i~to the interstices 

where finer grains are partly s,hielded '(SundboJ;g, 195'6; as re-

ported in "Jopling" 1966). Therefore, the finer grain. sizes of 
-, 

a moderately sorted mixture do not b~gin ta move until after 

the cooarser grains; and the threshold shear veloclty'corresponds 

to that of the coarser size fraction. Thus the representative 

'grain siz~ diameter to bè'used with ~he competence curve appar-
) 

ently varies frpm the median or'mean for better sorted bed mater-

( 

iala towards the coarse tail for morE poorly sorted materiala. 
, , 

This effect will be compounded by the apparent shift in repri-

. ~entative grain aize towards the, coarae t'ail which results from 
, . 

the use of the competence curve based on quartz for ske1etal 

carbonate 'grains., .As discus'sed doove, carbonate grain-s are ex
f 

pected ta have higher threshold velocities than equivalent siz~ 

quartz grains. 

The yon Karman-prandt1 equation,given above~for ca1culation 

of-shear v~lpcity can he used on1y for h~drodynamically ro~gh 

surfaces. Inman (1949) stated that experimenes by Ni~uradse 

(1933), Fage '(193.3), and White (1940) indicate that the, criterion 
c 

!or surface roughness ia a critical value of a Reyn~lds Number 

(u*d/v, where d isUbottom gxain diameter and ~ i~ the kinematic 

viscosity) such that if the number ls greater than 3.5 the bottom 

ia hydrodynamicallY rough. A curve, u* ~ 3.5~ld Cv .'0.009 cm2/aec. 

for water at 27 0 C) i8 plotted on Figure ,16. ,For plots of u. vs 

\ 

\. 

, 

) 

." 
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grain dia eter lYin~ above this curve, the bottom 18 'rough'. 

From th'i 'roughness curve' and the competence curve (Fig. 16) 

it Is o~vlous that sediment surf~ces composed of sand 0.18 mm 

(2.5 0) ln diameter or coarser, and being transported by f1uld 

f1ow, mu s t be cons ide red to be 'rough' and the von Karman-prandtl 

equation for rough boundaries used. 

--' Sus pen s ion., 0 f grains by fluid flow occurs whèn the grains 

2ave the sediment surface and follow the random motion of the 

turbulent fl"ow above, the bed. Criteria for the onset of signifi"'7' 

cant suspension were reviewed by Jop1ing (1966) who found that 

available expetim~ntal evidence indicatea signiflcant suspension 

of sand-sized partiales should occur when shear velocity equals 

settling veloclt~. This was the criterion us~d by Inman (1949) 
,. 

on the 'balls of experimental work by Lan.d and Kalinake (1933). 
, . 

A curve setting th~ ave~age settling veloclty of skelétal carb~n-'\ 

ate grains (Fig. 15) equal ta shear velocity Is included ln, 

Figure 16 and 18 an emplrica1 suspenslon"competence' curve for o 

,the xeef sediments of Carriac~u. 

The combination of the traction competence and suspension 

tpmpetence curves in Figur~,16 divldeB the graph into three aress: 

(1) 

(2) 

(3 ) 

Ares of no transpori below both curvea. , 
Ares of bed-load \or traction transport between the 

tWQ curvee. 

Ares of 8uepeneion-load'transport, above the suspension 

coapel:ence curve. . ' 
.-:.~ 

, " .. 
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As an exampl~, a shear velocity of 3 cm/sec would be incapable 

of eroding graln~ coars,r than 0 0 (1 mmi, would transpprt 
i 

,srains, between ~:~l mm) and 1.810 (0.28 mm) in diameter as 

bed load, and srai~n flner th an 1.81 0 (0.28 mm) as suspension 

load. 
, 

In reallty the boundaries between Do'n-transport and the 
( 

two modes of traniport are transitiona1. This transitional 

character i8 reflected by the scatter of experimental data 

which is enclosed in the broad band representlng the traction 

competence curve (see tnman, 1949; ,Sternberg, 1971). 

'"i,

Oscillatory Flow 
.::;-

The Rassage of water waves produces an ~rbital motion of 
~ 

'water particles 'in the d.irection' oi wave advance such that the 
t 

particl~s return. nearly to the same position a'fter the pa_cage 
~ 

of each wave ~nd an'osçillatory FlOW is set up. 

Airy wave the ory for sinusoidal waves of low amplitude ls 
. 

commonly used to' describe the motion of water waves and is di.-
, 

cU8sed ~ore fu1ly by tn~an (in She~ard, ~963). 

Measurements of wave'perlod tT), water depth (h) alaow.~.l , 
'" culatlon of an approxi~~te wave length (L) by the e~ation:: 

L • Ty t-n: tanh (2~h) 

where g ls the acceleration que 'to g~avity. Beglnning, wlth deep . \. 

water wav~ length on the right"; side o~ tl;le, 'e'luation a new value 

'of L 18 o~t;ained whlch ls 'then- ;e-subs~{tuted lnto the eqq~tlon 
to obtaln another v.alue of L.' . By using 'h\lS it~~atiVe process 
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unti 1 the value of L change,s- by less than a given percentage 

from the previous vJaues of L. a very close approximation of 

the a c tua 1 w a \T'e 1 e n g th ca n bec a 1 cul a te d . 

The ~alculated wave length and the measured parameters may 

then be used to calculate the theoretical maximum horizontal 

component of orbital 'velocity at the bottom: 

U m = Î1H sinh 2'i1h 
T L 

\ 
\ . 

where H = wave height. 

When considering sediment movement by waves the maximum 

horizontal orbttal velocity on th~ buttom iS/the'obvious flow 

parameter to consider. However, there is no reason to assume 

that the threshold shear stress has a relationship to um similar 

'to the relationship betweert shear velocity and average velocity 
, 

in steady unidirectional flow. 

) 

Experiments concerning'the movement of different graib size 
~ 

"bed tÎlateri~ls by 'osciÙatory currents h,ave been carried out by 

Bâgnold (1946 and 1963), Manohar (1955) and ,Vinc'ent (-1958), 

employing oscillating beds beneat~ standing water to produce the . , 

cu rrents. The data for threshold bottom velocities on quartz . 
sand beds are replotted in Figure p. An 'av.erage' curve ~Quld 

be drawn through this data and u8e~ as a competence eurve if the 

threshold of grain movement, under os'~illating curr~'nt~ ~a8 de

pende'nt only on orbital veloeity. However, as pointed out by 

Bag~old' p96~~ movement 1:8 .1so ~ep~ndent on ac~e.leratijn and 

de ce le ra tion. Acee le ra tion and dece le rà'tion is a ·fune tion of not 

r 
, . 

J 
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SEDIMENT TR'ANSPORT 
COMPETENCE CURVES FOR 

OS'CIL LATtYRY FLOW 
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\ 
pnl;r velo,city but "lave'" or~it'al diameter"and wave pe~iod ",Iso.' 

The wor~'of Kom8r and Mi~le~ (1~73 a~~ 1975) has reaolv~d 
" , 1 , , 

the above ,problem, From published experimental data t'hey 
1 " '!il ,.. , (t ça.) 

developed, empi,ri(:al, relatiO'flships Qetween threshold veloai,ty, 

flutd and ~rain den$ity, giain diameter, orbit~l dlameter and 
, ( , . 

wave perl04. 1:!tese relat1onships, allow calculatlon and 'plotting M 
• f ' 1 • 

o 

of threshold of movement orbi~al veloclties fOT differ~nt wave , , 

periods. The resuIt:lngJ competence curves for,wàve periods of ' 

l,Sand 10 'secon,dls ~re ~~Plotc::ed fIio,m"f0mar and Miller (1975) 

on Fig~1t'e 17. The ~ur~es ar.e for quattz spheres and will be 
, . . 

" 1 
, . 

"The results of· the,'above theorli!ttcal and, e~pe,rimelltàJ. work 
/r j, 

, , 

wt'th both unldirecti,dnal and oscO,lator)" flow a~e :,8u~jeét, to 
'". ... \ 

t , 
normal,e~perime~tal errora and tln~ettalntie8 artsing ,~rom the 

, i • f ;, \ ' .. 

, ,~, ' 

transi tionai natu~e of, sediment 'tr.anspo;rt phenomena and from 
, 1 

• ~ ',' l, ~ , ".. • , ~ 't,. , ' ... , \ 

the approximations often. neçessary in deve'loping theo~etie8l " 
, • ." • ~ ," f 1 ~ ~ ., 1 1 - , 

eq.u,~,tions. ",owevè:r."t~e· ~e.suit~, o_btaine~ ,by ~t~rnb~r8 (1968 

s'nd 1971) indicate th'st· the. the'oretleal' and'-'~~Perïmental re~ult8 
~ .' . ~ ~ . . . 

are app~icable ,to the, 'ero81o~ of terri'8eno,u~, sands, ,,"y.ùnidirec ... 
, . ,. 

tion,al flow' 1n t~e marine envi'r,a.nment. 
/, 
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CHApTER, 5 -. SEDIMENT TRANS PORT A'ND 
• - "DEPQS'ITION IN GRAND BAY' 

Sedlment tr.n.p~rt ln Grand Bay"1s ... lnly by w~ve. p.;s1ng\ 

,back fr'om thé 'barrier reef towards sh~re. At no time du,ing' .~ 
, ~ , ... ,J , 

field work were currents obser'ved in the bay., Howe,ver, as 9 '" 

'* . ' 
discussed above,,' the coarse grain' ~ites and channel ot'f Kenae,ace: 

, 
Point at the south end of the bay. incÜcate that strong· curre~ts'~ 

may b~ effective in that are4 dur'ing' stll'ong easterly storms,' ( 
• 1 

o " 

From eç~o sounding records m~de wblle anchored at s~mpltng ~ 
, :~ 

locations and from vlsual esttmates, the mo~t common w~ve period 
o 

and wave 
. ., 

hê18.ht~, w~1;'~ '4 to 5 ,secon~s and one to two feet re~ 
, ' , , 

, 1 

sp .. ~ t'i ve l 'y ~ The s.e are 
~ ~ 

~eQonda'ry I~ave s,' d.Efve lop~_d in the back 

on' thé 'reé f fran t. The dominan t 
" , 

ree f by '1o(ave s breaking 
-' , 

j .t., ~ • '.' ,,' ~ " 

and heights 'of oceanlc \laves ·1n',t,he' àl'e. are 
, j • • ~. 

~ ~ f,. ,- .' 0' • • 

4, te, 5 fee't ,respec,t;':i.;vely,(Fig. 2)., 

5 ,t'o 7 sec'ond sand 
~ 

Inte rferen'c:;e ,patterns of" l'efr.ac:ted w'aves p,a8ling back 
,~ , l.· 4.. ~ " 

df,ffere'l)~ seg'ments bf "Gi:and"B~~"ree,'f w~re in,fer,red frô'm t-ne , , . 
~ 1 l ' 1 ," , 

" ' , .. • .... _, 1 

pa tte ~n. 0 f rf,pp le C 1;:e 8 t, or.l~n tS-tlo.ru, llie •• J'red' on.'the back-ree f 
l " ~ , ~ l' \~... • ~' ,'" ." ,~ ~. .., 1. 

J 'sa,q,d fiat :(P'1"8. 9-11.) ~nd ware di~~'ù.s"ed 1 b~iel!'~Y' 1n"C'ba'pte~ ,3., 
~ • ~ ~ ...". .' 4' 1 ~ 1 \ ", :. .". • 

,/ 

b . 1 l ,1,. 

-' , 
r 0 G RAl.N SI ZÊ COKPOMBNT 'p.()PU~·ATlo'NS . .-

'... .._' .' ... .... ' " ' .. , ' . 

, 6 ,,~ 

." .,-.1' 

"1 • ~ " .. 1 ~ 

~t;, 1,s !Qo"J'e fruttful, to dt8,c~'8.' thè qrand 'Bay sampltu 
l , ',..... • , ~J;. 

. ter~s of"~,~eir èntt.l"è '8,ra~n. 81tZé"'d'tstr1~~,t,10PS lat~,fr , 
~. '., ," .. l' -: • • ,J' l' , ".. • i tt ' " 

tha terma' of abstracred ~t:aU"8tic-al' pa,r,ameters -a8 was . . . ',~ . . 'w. ' . ,. 1 • l ,', 

''lh~ 't·~'eal;a,r.ili 8{~e ~i.atr1:b~t:i.oÎlI!I 1I'e're 
• ~ < ... • 

-into, c:o.'mponent pop~,lation8, "II:CClm~on.e'l'lt, p,OPul~ti!ln"·'. 
, • ,4' 

t 1)' 
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.. , ' 
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, , 
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in this context refers'to.8' ~og-normally,dist~i,but:~d grain sitte 
" , 

,l..< 

population ~hicH ace urs ~ixed ~ith one or more other log-no~mal 

< 

grain size distributions to make uR the ~otal sampled pop~lati~n. .. " 
a 

To varying degrees and by different methods Doeglass (1946), Moss' .. \ . , 

(1962" 196~), Fulier (1961), Spencer (1963) ,and 'Vischer ('1965. 

1969) have attempted ·this type ,of analysis, 

The method used here to identify and separat~ compopent 

p<?pulat'ions was the method of differ~nëes desc'ribed bY,Tan,,?-e'J; 
. . 

Adjustments otten had to be made by progressive ,esti-

mation using bo~h'probabillt, plot~ an~ ~lstograms. Fpur wide-

.spread a,nd distiRct component popul%ions are recog'nized in 

Grand Bay. 

An eX8çle of a typical, bimodal gral." size distributiyn 

(sarnple 138 RT) an,d its c'IOtnponent population ls shown in Figure, 
, 

18, Proportions of two major populations were estlmated from 

t h~area&, 0 f :~"e, ·two ~o,di:! s, .on th'è ~h18 togram aq:d from t'he ~oln t 

of infl-ection between the two D)$.jor straight' l(ne s~grnents On ' 
~ 

t~e probabl1ity plot: 

" 
The si,ze diBt~ibu~iol?- o.f.:p'o'pulation 1.11, comprising approx-

il!lately 6S p'ercent. of the tot~l' salllpled po.pulation •. was e's,timate'd 

by drawing a straight line 90 the ptobability plo~. pal'allel'to 

the s~raight line ségment for's\zes finel' than 2 phi. This line 
.- , 

w!l S po s ït i,o.ne cl 80, 1:~at ·1 t ff " tn-e,an . 8P'p..r~x.i!1la t~èl tlle, ·I}lod.e bp' the 

h!stogr~tn, and Ù' and th,e estirnatèd pr~~ortions could be· u'sed 
, . 

to e--s-t.imate 'the total f~equency percent for S1:zea finer t\:lan 

• 
2 phi. The ,siz.e di$.tribu'tion of population l was ijeterrnined by 

" 

.,~"....,..--:--",. .. ,... •. ,."Jt..,,,,.,.. ........ '.,,;. --'_1 ....... ' .-. ....... __ -
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Fig. 18 Graln"sli~ compoh~nt populatlon~ ~f sample 138RT 
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using the estimated. pro~,or~ion (35'7.) tp c,alculatè.'the cumufative 

perce~tage9 necess~ry to ~ake the final'calculated total si~e . ' 

-:1 
distribution approximate the total 'frequen~y percen~ for'siz~s 

Icoarser th an .0 phi. Small adjus)im~nts were made to obtain a ,~_......---\ 

'close-r agreement: ,betwee~ trre ca~culated and actua~' total ~~s-. '"",.\ 

tributions. The final difference between the calculated and 

actual whole sample histogram is greatest in the 1.5 to 2 phi 

interval, where the calcplated whole sample weight percentage' 

Is 17.46 and the actua,l value'is 15:08. 

VARIATION IN.' GRAIN SI ZE COMPONENT POPULATIONS , . 
fROM REEF CREST TO SHORE 

Traverse 16 was the most fully s~mpled traverse i~ Grand 
( 

o 

Bay and the grain size d1stribution8 of the 20 samples were 

analyzed, in de,tai1 by the above meth'ods. M~xtmum-differen~es 

between calcu1ated and sctual frequency weight percentages per 

half phi intf;!rval were .less ,tban 3' percent for al1" samples but' 

th or ,e e ( d i f fer e n ces '0 f ,3. 13, ,.3. 2 7 and' . 4 . 0 B in sam p'l e s 13 6 , 13 7 A , 

and 137B respectively). T6. fit Of those curves could probably 

have been improved by adding minor comPQnent populàtions to the 
" , 

total mikture. 

J : 
. )' 

\ 
\' 

\ 

' .. 

.,. 
" . 

The variatl~n of the compoQent po~u1ationa af th~ sediments r 
. ' , 

from~reef to IJho~e. on ,traverse 16 ls presented ln Figu~e 19. 
, , 

Nea'rly"all of the' ttedlment on the' .back-ree{Vf111t ana ln 'th~ 
, ~ ~,. ' 

-18g90n i s de ri ved trom 't'he ree f, appro'Xim~ te 1y 'o.n,e mile offshore'j 

~ith a rèlatitrely smali Jkmount ,bei~g deri'ved from the"maH,us.en 

,~nd eehinoderr:n f,.nfauna l,f th'e back .... reef sand. 
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'T~AVERS,E 16. GRAND BAY' 
GRAIN SIZE· COMPONENT POPULATIONS 

HORE~ 
WARD 

. TERR' 
________ ACE- 13210nd 

{bI~;ouïï ._~--------- ---

o 
N o ~--~~~--~------------~~~~--~_+~ ... BrACH 1310 -- .. -------------

"' , 

RE~RESENTAnVE .GRAIN SIZE 
OISTRIB(lTIONS 8 COMPONENT POPS 

, , 
',--~----~----~---,-D---i , , , , , , 

'\ 

F,ig. ,19' Grain siZe c~mpon~nt populations on traVerse 16, 
Grand Bay. 
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Four main cômponent popula,tion& are ~vident. (Fig. 19), 

~... of' ~ 0 0 

The~e a're -p~esent in di'fJ-er'ent combinattons and'pr:'()pot:ti~ns ta 
, 

make up '~a~t ëLf' the -~ampled gratn. size ·Pd)~~iations,., In ordè~'> 
, . , 

- of coarseness, the' mai,n popu1à't'ions are as foLlows: '"" 

1 

II 

tH 

... 
x ""-0,.7 to -0.:25 phi;cr-= 0:72 to 0.85 phi. The, 
'. " . , - \ " .' .' 
coarses.t r,epresentativés Qf th;Ls, popula·tion' form '-

.p,edomin~nt compollent {46 t~ 7Ô% Dy weight) of' 

the unt:ipPled' reef sands. The finer representatives " 

constit~te approximately one~third~ by w~ight. bf 

the r~pple trpugh samples from the back-Teef fiat. 

x = 1.05 to 1:40 phi; tr = Q.75 to 0.9-5 phi. ThiS ......, 

population is the ripple çrest population on the 
, 

"back-reef fIat. It, a1so fo'rms the subordinate co'm-. ' 

ponent (35 to 50'7. by welg,ht' of"thè s amp le s' from the 
, 

làioon. 
, 

x ... 1. 80 to 2.10 phi; tr:= 0; 59 to 0; 70 phi: -This 
, \ 

\ 

population forms the su bord in ate componel1 (25 to 

54% by welght) of the ~eef.sample~ 

inant componen t (2/3 b'y weight), of the 

samples from the back-rèef.flat. 

pIe trough', 

.IV x ~ 3.15 to ~.20 phi; ~ = 0.4~ to'O:66 phi~ This 

p~pul~tion forms the predominant, component (50 ta 

65%"by weight) ~f ~he samples from the l~goon. 

As may be seen in Figure- 19, t"he location and re lationsh'ips 
• .. Jj ~ ~ .. , ... 

. "of th-ese populations are consistent and distinctIve. Populations 

l and lIt- are not, recognized in the 14goon and po"pulation lV'is 

J · . 
~ ~-~;;ti~1J~~~~ ~~,:t~~i. ~~;;~;.~,~. " 

-t"""~ __ ~_~-

. " 
':. (~ t .. : w_ ;; ~ ,;- , 
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The mean grain sites of fhe companent pORulation~ of bi

m?dal .~amples from the' slope be-tween the 'back-reef sand fIat 

,and the lag9,on '(samples l37b.c,"'od and ,e~ do no~ corcespond. to" 
, , 

th 0, seo f t; h e fou r pop u lat ion s 1 i 'Si t e, ~ a b 0 v, è . ( Fig. 1 9 ). . 0 n the 

upper and mid~l~ slope th~ coarse comp~nent populations haye a. 

mean grain siZë intermediat~ to populat~ons 1 and II and form 

30 to 35 percent by weight of th~ total samples. At the base 
,~ r 

0' f, the s 10 p e ( sam pIe 13 1 c ) the c~arse component popolatfon is 
, r 

populat~on 1 and forms 65 percent by weight of the total s ample. 

The fine component'population de~reases in mean grai~ siZë 
.) " 

,downslop,e. Me~n &rain size decre8~es ~rom similat tD population 

III to similar to populatio~ IV. 

Sample l3t b was from a 1inear; coarse grained deposi~ at 

the very base of the 18!ope. The' coarse 'sl,ze fraét~(>ns. are 

mainly l,erge fragments and whole' shel1s of mo'11usC's and echino-

de rms. 'th-e grain size dist'ributi.,on ià a mixture' of' at 1east 

" 

fou r C 0 m po n e n ~ pop u 1 a t ion S, the c 0 'a r se 8 t t w 0 . ,0 f \: wh li. cha r e. co ars e ! 

than popu}ation 1. The finest component population ie coarse 

popu)ation IV simi1ar to that of sample 137c on the base of the 

slope. 

In figure' 20 the means and standard dev~atio.ns of component 

pOPQlations~of sr:1ected samples on' traverse 16 are rep10tted 

f~om F.igure 19 for comparison with the component populati~n8'of 

core 
'1 

samp le s " . 
from traverse 

17 and 18 in Grand -Bay. 

• - - ... J __ i-Tr.,--'- ,.-... 
•• "~W';M't": '_ 

, ~~ \ <r ~ - 4 r:' ~'l.\ '1:; , ' 
... -'.~"" ,. 

16 and of samples from traverses 15, 
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Cor~ A "'as taken on the bac1-reef 'fIat 25 feet (7.62 m) 

f~om the edge of the slope i~t~he stab~e.8and en~ironmen~ and 

"'as 14 inches (35.6 cm) long." Grain Bize diStribution of. samples 

in ail parts of the core display the same camponenc populations 

peI and Ir~ in 'approximately the same proportions as ,the' ripple' 

-
trough; sa'mples. There is no evidence of the ripple crest com-

ponent populadon II' beirig deposited at ,the site (F.ig. '~O). 
• i 

eoreJB' was takën part way down the', s lope in 13.5 fee t (4. l' 

m~ of wàter and was'lO.5 inches (26.7 cm) long.' Graip size 

distribution' of sarUples fro~ the core was essentially the eame, as 

nearby face sample l37d (Fig. 20) 'with the exception ~f il 

sample m an obviously cosrs,er 'l~'yer between '5.5 a'nd 6 inches 

(14 and 5.2 cm) depth. This sample had the same fine èomponent 
1 . 

populations III as .. the other samples but also had a well devel-

oped compon:en\t population l rather than a fine population Ior 

co,arse popu~.ation 1.1. Also the coar~e ~bmpo?e~t.population 

~omprised 60 ratlher than 40 percent of the, total sample. 

~lthough bhe component populations along the other traverses 

,are not identicàl to tHose of traverse ,16, t_heir relationships 
• Il 

ta one another- and occurrence ln samples of rippLe crests, 

r~pple troughs and lagoon (stable sand environment) are simi1ar. 

\ 
pn t'raverse 15 the reef" sample ia similar ta .those of 

tr·averSe 16, composed of population l and III (Fig. 20). 
~ 

On1y 

one site of rippled sand on ,the back-reex fIat of traverse 15 

W8S sampled . The ripple crest sample (126 Re) i8 identical to 

simi1ar samples from traverse 16. No sample of,the r~pple 

trough was taken, however, a composite sample of ripple trough 

1 

, 

s' .'" 
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, 
and ripple cres't can be (lplit into th~\~e populations (1.;,\1:1 'and 

"III) .• Si'nce ·t;e\t'i~';le c;ré,st sample wss ~~~p'~sed entlrely ~f 
" 

population II, the r,ipplè tro~"gh must ~ron,t~in à .b~moda1 gra!n 

s~ze di~tributio~ ?f P?pulatio~ 1 ~nd 

traverse 16.' The' lag-o():n sa~i>le,!i 023 
1 

lIt' t'fi"e . " '1 
,and 122) 
- . 

$ ame a 8 o"h 
, " . , .. 

"s re com,po sed "0 f 

grain size component p.opulatiorts "i'r and-·IV as' were similar , ' 

samp,tes on traver-s~ 16~lfY', Qn~ ':~l~pe' sa,mple .,Q24)' W8S ~aken 
on trave'rs~Q 15 'and it" was drédged· f'ro~ ,a, ft~r~ace at 30 feet 

'. 
de'p t: h. The grain size dlst"ributf~n of sampJe 124 appe~rs to be 

, ' 

a ~ixt~re of ail fout'com~onent populat~ons! 

Samples from traverse 17 have v~ry 'similar gt'{in size d'is'-' ... '" \ , 
tributions to tra~ers"e .16 except for the twO' sets of rip.pl,ed. 

, : 
back-reef fIat sa.mp-les (locations '1.?Q and' 1~9) which have fio'er" 

~oa~se p~pulations ln the rippie 'ùou:g.h ~amples and finér ripple' 

érest samples (Fig, .20).' No_~~ .that '~he b,ack-reef 13an,d pai: iS', 
,< 

'~~l to 3 feet (.3 to':9 m) :,dee'per on traverse 17 -than'o-n ~ra.vèrse· 
, , ' 

16. H~n'Ce foi.B "gi ye n, wa-ve se.t: the ~ t t~m ma~imu(ll. orbi ta 1 .. 
velocity wil·1 be les's on ,traveJ;'se ~7 than t,I'~verse: ~6. accoun.t-. "'. , . 
in g" for the ft n erg r ,8 in' s'i Be 8 .' .. .' 

" 

, : 

. . 
T~'e ~ra.in size distribu,tions of. simples- froll\ traverse 18 

1 • 

three r1PI?:1~ crest samples (I?9 'Re. 160 RC)'which are bimadal . ' 
" ' 

and Véry simllar to the ripple tiough .sampl~s' (F!:,g, 20). • 
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GRAIN SIZE' MM 
PHI 

2 
-1 

• 1 

o 
1/2 1/4 

2 
1/8 ' 

:3 ' 
1/16 

4 

ENVIR. 

• FLAT 

,,. 
FLAT 

1 SAMP, WATE; R 0' l, 
~ OEPTH (') f H' ,,' III " IV 

• 1 

138 RT 

138 RC 

·COAE A 2 .3" 

" 5-6~" 

.. 13·14" 

12 1 35 %' '65 %,' 1 1 

'·r IOp% 1 1 { 
,1 55 %' . r 45 al; 1. 1 Il 

1 45 °ld • 55 ëio 1 1 , 'l, 
1 55 %. ï' 45 0/; • , • 1 

16 SLOPE- I.H 0 - - 14 ,. 35% , 1 '650"/0 1 SEE 

1.6 SLOPE -CORE B 2.35" f3 5' _ 40 % • 1 ~6()9/;~- ~t: 
, .. "" 5 5-6" .. '160 % ' l ',40 "/0' l, j, "] , • 1 • _ 

" .. 6·8" '40% - l , 6~ 0'/0' ,. 

l ' , • , B·9S" 40%1 60% 1 . 1 
" ." "" 9,5-105""! 40%"_ ~ 60%'; - ,1 
, . '" • 1 -!§... ___ ..bAG:.- __ 136 __ .----2J..--l--..... -.:.--~.Q.%--L---~Q...~--

,15 REEl' 127 Il r 80%'·1 20 % " ~ 
FLAT 126 RCffT fi L 40% "400;'0 " 175 % ~l i... r i, 1 

, 100%' , " 
, l

' Ils ", ~ 0 ~ % , ~ 
SLOPE .,.. 124 30" 21 Vo : 160'",- 33% 30 % ' 

126 RC 

LAO. 123 40' 25%,'1" 75%,-. , 
_:.-_______ 'll----_~ __ l, ~ ___ ..1~&. ___ !-_55 ~ ____ .l 

r- , .. 1 1 
'7 REEF '53 "13 (SE RUBBLE & SAND. COMPLEl( MIl( 

FLAT 152-RT 13 -1 45 %' 55%)~i 1 
152 Ret 100 % 1 1 . 

" 
5LOPE 

, .78 0'/0' 1 
151 RT 14 al % 1 .. 

1 l ' 1 151 RC 

ISO 

.150 

149 

149 

RT' 

Re 
RT 

RC 

148 C 
.' 
148 B 

1 1 100% ' -1 
1 

ft 69 9/9 . 
31,% ,r 

, . . -1 100 %' , 1 

1 40 %~ " , 60 oio 1 
l " 100 % , 
, '1 30 % 1 1'. , . " -, 
1 _ 70 %, " 30 9/0 

15,~ 

13 

19 

24 
l, L • 

148 A 25 COMPLEx CSE POPS. ,PLUS 60% 

LAG ·'147 24 1 - 40 % ' _ 1 60%'· , 

.' " 146 23' , 40°;" '. ' 600";. .' , ------------------r--..... -.-~---~---ï~--Î 
18 Rt:EF 163 10, 1 95 % , PLUS f'lNER pop, r 

FLAT 162 12 1 75 %. . 1 25 %' , 

'/ 

SLOPE 

LAG 

1 1 " 
161" RT 13 COMPLEx CSE, POPS, PLUS; , 30 % , 
16 1 R C : 100 % l' l , 1 i Il. 
160 RT 

160 RC , 
.1;>9 RT' 

159 RC 

158 

157 

, 
5'5 % 1 45% ,_ 

: -7-0-0""Vo--e_-- 30 0/; 1 
, 46 % .. 54 % • 1 
1 17°/; 83 % , 

.1 2 2 1% '1 1 78 % • • 1 
l ' 1., 

~3 % 47 0/0 

15 

22 

23 

2S 

Fig. ~O Comparison of grain size c~m~onent populations, 
traverses 15 to 18, Grand Bay. (Symbo1s as for r Fig. 'Ù) -, 
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INTERP&ET~T!ON .' 
, . '~ 

Any interp.retatio'n ~f ,tne grain; size data rriust ..... 1ie consist-

ent w'ith the ~bserved prevai,lt!lS wave and c~rre,nt oon~.itiona [ 

.and 'a'110w for ',the"effec"tl'l' ot ext:reme.: sho'rt-term, conditions . .. . .. . ~ . ~ 
duting stotm!", 'Th'è botto;m 'fèa'tur~s and 'grain si:z.e distrf buti,ons 

• .... 1 1 

of' q~'an.d Bay, had nôt been subjec t~d to 8t?,r~ co,ndi tion,8 for at 
. ." ., 

~east two months ,prior to, 'the ~oIleC'tion"of 'the 'samplés on' 

traverse 16,' Oécasi-onal ~isturbance hy' passing waves of' the' , 

grains on, th: ripP,le c'rests during 'sampling sug~'ea'ts l:"Jlat they' 

l ' 
',' were ne.ar' equi1ibri~m with the c~nditions' pt,e,:ai~ing at-'the ti1pe 

( s umme r , 1968),~ .. 
CO,nsideration of the nature' of sediment movement under J' 

, 
w~ve ~ctlon and the distribution of the four matn ipopulstions 

, , 

sl.t'ggests the followlng origi'ns fo~ each undei preyàiling wave, 

condi tions 'on the back-ree f "fla t: . . 
Populati~n 1: 

PopulatLon 1,1: 
" ... 

Lag popu la t'ion 

) ? Ro 11ing 
)tr~ctlon pbpulation~ 

',?S.altating ), 

• 

.\, 
pOPulatNII: 

_ ., 1 

Population IV: Suspended pOpulatiôn 
~ , " 

1 
1 

, / 
1 • , 

Pçp'ul.atlon 1 ofi:he re~f and back-reef ripple t~oU~h l,a l.es, 

i sac 0 ars e ' 1 a,~ pop u 1 a t Ion i n G: a p a b le a f b e in g t ra n .s p or te dia 
Q 

~ 1 ....... . \ , 

'depth of 10 1:0 12 feet (3.0 to 3.7 m) by the 'prevailing w ve,~. 
, 1 ;,.. 

For It tp be present across the back-reef fIat up to one-half • 
,. , 

mile tram its sour~e on t~e r~ef iodicates tt must also be the 

storm wave traction papulation~ From the ~esults.of core A 

l . 

»<>-" ;"~~'. :~,l,,~~~ .. p;i>;) ~{;:":/,'t::>.,~~-~-:{~"",'--.' ,.,......--~..;......--\~:. 
" 

1 
/ 

l, 
1 

\> 

" 

~ .. ~ 
l ' 

j 
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( ig'. 20), popul/ltion 1 is pies~nt over the entire back-reef 
" 

o 

fIat to a depth of at least "14 inche~ (3511.6 cm). 'Brougtlt to , .: , 
the slope off the back-ree:; f'lat during storms, this population 

19 distributed b'y rolling down. the ste,ep slope ùnder toe in-
t _ 

fluence of gravity. S a mp les ,a t the f 0 0 .t . 0 f the s 1 0 p e (-13 7 b , 

i48a) cont~in high proportiops of coarse p~p~latio~ 1 (Figs. 
Il> 

,19 and 20). Slightly higher on t~e slope, but still near the 

bas e~ _ (- sam pIe 13 7 c) , . na r mal p a p u lat ion 1 i s a bu n dan t. Pop u lat ion 

l, mi':Aed with population II, may comprise the coarse component 

pop~rations of Jllost slo.pe- samples, the mean grain sizes of 

which are intermediate to populations 1 and II. During extended 

periods of storms population L may become abundant on the slope, 
t 

pr;oduct'ng coarse grained cross· beds n t,he back-reef sand body 

"n , ~ 5 a m pIe ~ e t w e e n 5. 5 and 6 .i n che s, (1 4 

~Fig. 20). 

and 15.2 cm} in Core B -

Pop u lat ion 1 l, e 0 n ce n t rat e d i n eh e of the baek-

reef fIat, _ is the coarses!:' table materia~ in depths of 

of 10 ta 12 feet (3 to·3.7,rn) rmal weather. It is slowly 

brought to ·the' slope wher,e, it is Since pop'ulations' 

1 
1 and II are deposited at different times under çifferent 

, 
conditions, it is probable that they occur in separate laminae 

which were not noticed in the field an~ which were mixed dur-

ing sampling. 

During sto~ms population II in the ~ipple crests is the 

one mo~t expased tO'wave action, and it is rapidly moved into 
• 

the 1 à go 0 n (8 am pIe &. 13 4, 13 5 , 136, .137a,146, 147). It i"s a\so ..... 

possibly disttibuted aeross the lagoon (stable sand ~~vlronment) 

-- \" L.qJ ,( ..... _Ii 'QiT ~,~.,""","'~ 

J l ~ / 

, 

J 
1 . 
! 
i 

/' 
! 
( 

\ 
l 
J 
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~ 

by the storm waves,\ 

.....,. 
" i 

, , 
"" 

P()pulation III, the saltation' 'populat'ion in water dep-ths or 

~ . 
10 to'l~ fèet under prev,ailing cond'itions, mov.es rapidly.~c.ro.ss 

the back-reef fIat to be dep~sited on the slope (samples 137D, , 
Co're B, 148C '7' !"ig. ~O). It is aIs9 present in the ripple 

troughs on the back-reef fIat where it is protected by'the 
, 

c 0 ars e r c 0 m p 0 Il'e n t pop u 1 a t ion L , 

'\ 
Population IV, :he suspended population 

( 
in water depths of 

lOt 0 1'2 f e e t und e r pre va i lin g con dit i () n s, i s the m 0 s t ra p id l Y 

removed po~ula~Jon from the teef and from across the baçk-reef 

fIat. It forms the main component of.the l'lgoon sediments. The 
~ 

coarsest repres.ent,ptive' grain sizes settle rapidly 00 'and oear 

,the slope where they are intimately mixed with pppulation III 

( s a m'p 1 e s 13 7 B, '13 7 C j 13 7 D . a n cl m 0 s t 0 f Cor e B - Fig s. 19 t\ and 20). 

Sample 124 on,'traverse 15"is inéeresting in that it was the 

only s'ample which seeméd to consist of all~our of the "basic 

compo'nent pop~lai:ions (see Fig. 20). This sample was dredged 

from a terr'~ce ~t 30 feet depth on the slope into the d.eepest 

'part of the .lagoon. o~t' is ,poss,ible tha't, t~iS~ tefrace repr!,!sents 

~he back edge of an old back-reef fIat dev~loped at a lower 

stahd of sea leve1 and \ha't it has not yet beeri ~~mplet~1y over-

o , \ 

riden by the back-'reef fla t' being developecl at p\~esent day sea 

~leve 1. ~~e dredged sample posAib1y represeots ~ 'ixture of the 

( ,r 

, 
. , .~ -

, ."::-:>"~:-" 
. . . :~~:. :~t:~;~:.~::::< ' 

old fIat SlÜrface sediments '(pop~lations l and III)' and the 
, " , 

present day lagodnal sediments (popu1ation~ II a~d iV). 
, 

The stze dlatrlbutions of t~e grass ~ed and -adj~cent sa6d 

samp1e's (133Th and 1338),on the siope between the sho\re\1ard 

.. 
_ .... '"'--~'_::..."._. ~~"',.;-~. -; -" , ~ 

: ~-.r ... ':~~~( _i~ • 

~"" j' ~. ~~ ::.A .- ~:~, ,k ' 

\ 
~ 
\ " ... 

J 
) 

). 
, 
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, , 

( terrace and the lagoon (Fig. 19 ) suggeSt that wave il act on Uie 

sediment there a~ they do on' the back-reef fIat but ~hat the ..... 

',1:>affling "~ffect ~f\rass 'cov~~r resùlts. in. à near bottom current 

.environmen~ comparable to that of the deeper lagoon. 

On .the',be.ach for'eshore ~f 'trav_erse 16' th~ s~ze dis't~ibution 

) surface samp'!e appears to be a n'Ii?tture ~f 'two very clo,se popu.-

lations. These may be related to the'~swash and backwash of 

. 
normal conditions as wa!f' postul.ate.d by Vis?her (1969) for 

similar beach g~ain size distrfbutions. O,ne half'inch (1.~7 cm) 
G> i' • 

beneath the surf~ce of the foreshore the .... s~d~ment grain si.zes are~ " .... ~*... ~ .. ' 
coarser and mor~ 'I?early uni~odal. . This mateFlal was probably 

de'p-osited,. under 'stçrm c-onditions. " 
, , 

DISCUSSION 

Are the above i~terpre_tations of the origin, tra~s~'ortati~n-. 
al and depositional h~story of the foùr main component popul~tions "- -'. , ' 

in' Grand Bay rcon~isten'~""_,with what f~ known abqut se~li~ent trans-, 
1 \ ) 

port and wave and current!., condi·tions? To check this the me,~nS 

'and standard deviations of\ .. the eomponent population~ of traverse 

'f " 
16 are replotted in' Figur~ i-. .;t along :With 

... '-. 
thi w~v~ orbital velociiy 

~ , 

Since Wàves in Gtand Bay were. compe te nce cu rve s ,rrom F igu re \,.17 .. 
.. 

ob8e rved to have pe,rio-d s 0 f' 4 ~~ 5 seconds, the curve for a 

period of 5 seconds is emphas!zed in'Figure 21. Interpolation . ~ , . 
between the curve8 for peripds of 1 and 51, seconds can be made 

. 
to arriye st .' estlmste of whreshold orbit.al velocitf"es 'for 

. \ ' 
wave pe tiod 8 'of 4 seQ'onds. 

( 

'j' 

. ~ : (j.~: ~ , '; ~ ,,' :: ... ~ 
! ~' ~~~l:r~'f:-. ~~~~~ ,,' ~:.!" " , q 

1 

l 

.) 
1 

. 
) 
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Wave~ wlth a pe~iod of 5 ~econds ~nd havin~ a m~ximum 

bottom orbital' velocity of 27,5 cm/sec should' be C>.a~a,ble 'olf 
. , 

, moying pop'ulatipns II, III and IV, w'hi~e le:av~ng popul~tion l 
. ... . 

éf'$ 's lag deposit (Fig, ~l). The e·~Uiv.Ùent·ÙreShold ~rQital 

ve l 0 c i t Y f 0' t w a v ~ s w i 't h a p e rio cr 0 f 4 sec o'n d 8 1: ft est i mat e d a t , 

appro~ima~ely 26.~ cm/sêc. 
, , 

. 
Therefore, normal wtives i(\ Grand Bay'wit.h periode of 4- ta 

1 

5 sec 0 n d san d he i g IH S 0 f 1 t 0 2 f e e t (0: 3 't 0 O. 6: m) i n 12 f e e t 
v1i 

(3.66 m) of watero (depth obse.rved on" back-ree-f )Ùt on traverse 
rÙ 

16)' should hS\le, bottom orbital ve10cities of the orcle-r of 26.5\ 
. 

'- ,. to 27 '05 cm/sec'. 'Waves. with a pertod. t>f 5 Seconds and h'eiS,ht;-s cH 
&2,. - • 0'· , .J' • 

1.5 feet (0.46 m) in 12 feet (3.66 m) of water have botto~ ma xi-

~ ~ 

mum o~bitsl ve10cities of 30.2 cm/sec. Waves w~th a period O'f 

4 seconds and a he,ight df 1,.5 feet (0.46 m) in 12 feet (3.66 m} 

"l ~ - 1 
have bottom maximum or"bital velo~ities of 25.9' !=m/sec.' Th~re-, 

, . . . 
fGre ~h~ interpret~tion of gra~n s~ze p~pulstion 1 as S l~g p~p-

ulstion 
... -

under normal waves in'Grand Bay which transport poPUlà-
, .' 

tions II, III and IV on the back~reef jlat 18 consistent with 
~ . . 

the orbital- vJ!locfties of the obse'x:ved ncfrma1 wave,8 (Fig. 21), 
, 

As a further check, thel'bottom ~rbital velocities, of tlle 
J 

, , 
normal waves in 2S'.feet / (L'62 in) of' w.ater (.dept'h of ~e lagoon , . 

v 

b 

on traverse l6)'should pot be capab)~ of tra~sporting o~ rippllng 
'. 

-grain'size populations II and Iy (Fig~ 21). Wave~ ~lth,~ ~eriod 
1 • 

of ~ second~ and heilg~t of 1.i feet (O?4:6 m) ,~n 25-féèt,,(7'~,2,.mt 

of water have 8 b6ttom·~rbital velocl~y of 15.1·cmJ~ec ,rig. ~l). . . "" .:' .. ~ " 
" 

/' 

--: ' 

" 
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Wa'lea with a-=pe-riod-o.f 4 seconds' and à. height 'of 1,5 feet (0,46 

m) have a bottom orbital veloo~ty of 9.9 cm/sec,' The former 

'-' 
wave set wo~ld be capable of tr8~spprting population IV grain 

sizes in the ,lag"Ooo. Howeve-r, since' grain siz-e '-population IV 
. ~/::' . 

ia intimately mixed ~1tb COarser population II , 

whièh cannot be rnoved by'8 bottom orbital velocity cf 15.2 c~/ 

sec#~ it 18~proba.ble t,hat the obs~rved normal ~aves wou~,d ~ 

move any of the bottom sediment in the lagoon. ') 
. -. ') 

From,Figuré 21, bottom orbital velocities of 45.0 cm/sec 

would he ieqUired to move population l from the .. ree f ante the' 

back-reef fIat. \uCh a le,!el of competencE! was interpreted ta 
- , . \ 

occut' dur;ing stOllDlS. No stollm waves were o'Dserved f.'Ï1.~~and Bay. . . , 

However, orbital velocities of approximately 45.0 cm/sel ~re pro-

d~ced by waves with a peri~d of 5 seconds and heighf of 2.5 feet 

(0.76 m), -/:Ind by'waves with a peri.od of 4 second's and helght of 

2.5 féet ~.76 m):. The t,he.orettea,!' bott~m' ot'.bital vel,?cities o{ 

~hè above wave.s in 12,tfeet (3.66 m) of water are 50.3 and. 4'3.2 

cm/sec réspec,t!vel'y _('Fig. 21).' 

\ 
,The above wa~e$ are a minimum size ~equired tp move popula

·f 

~" \ 
tion l onto th,e, b-ack.-reef fIat and 'I)ne migh\t expe'ct .8t\)rm w'aves 

• l, ' .. 

in Gund ~ay to be 'somewhat, higher th'an 2.5 feet ,(O.- 76 m). A 

limit to tne size ,of the wsvea exist~ howevet'. Sinee populatfon. 

II 'ls dlstributéd throughout the tagoon and thebotto~ is not 
'-;,r' -, 

,'"" rippled, (:he 'maximum.orbital veloèi~y in 25 feet (7.'62 m) of 

water must ,be very cl?se ta 27.5 cm/sec or even slightly less. 

'Wave8 wlth a period of·:S seconds and 8_ height of '2:,5 feet _(0.76 
.' 

m), shown above to be è.pable or transporting pppulation_1 on 

" 1 
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the baCk-reef~at, g~nerate'a bottom maxi~um orbital veioc1ty 

.of 25.4 cm/sec i~5 feet (7.62 m) of water .• They wou Id t}!.~r~=.~_~_ 
._-------~ -.---.--

1 • 
fore be Just barely.capable of transportihg population II in ihe 

lJl go 0 n ( Fig. 2 1) . 

, l'he absenc-eof grain size population III in the lagoon must---
t ~ ~, " # " 

\ ~ . ... 
be explaine~ since one would ~xpect this populatton to be ,t~a)1.s-. 

ported into the lagoon during storms. Pop u la q 0 n . 1,1 ~ for ms 

approximat~iy 50% by weight of the ripple trough(sediment on t~e 
• • 4, 

l 

bac k - r e e f f1 a tan d . a p pro xi mat e 1 y :60% ~ f the fi e ad i m.e n ton the s 10 p è 

into the deeper lagoon. It arrives On the slope under normal 

wave COndit\ons' as the fine fraction of the bed load.· !D1,l~ini 
storms, it is vrçbably put {nto suspension on the ~ack-reef fl·a-t., 

.1 

---

Increased circulation in Grand Bay during sto~ms w~uld result' 
\> • 

. from the in'creasat! volume of t4ater pumpèd ov.er the:- reef.· A'S a 

result most of the s~~ent in suspension (popula~ion Ill) would 
( 

be removed from the back-reef. Therefore population III ia 
~ .. . . . 

deposited on the slope ,during nor~al weather and that portlo~ 
, . 

remaining on the back~reef fIat 18 put-in suspensio~ during 

storms and removed from the area~ 

SUMMARY AND MODSL OF R&EF 
SEDIMENT TRANSPORT AND DEPOSITION IN GRAND ·gAY 

Sepiment transport (n Grand Bay 1.,cs mainl:y by 'waves p8ssitrg 

. )' 
back, from the barrier reef, one mile qffshore.· The waves cross 
~: \ 

a 'rippled, bac,k-reef unatable sand flat which extends halfway to 

shore at a fairly constant water d~pth atio~t 12 feet (3.66 m)~ 

~ . 
the back-reef fIat ends on ~'2~ to 30° 'Jlope into Aeeper water 

. ; 
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( ___ "(2~!i.O,-,t.e-e--t> '..;;:--6-~to- 12'.19 my of the cent'rai 1agoon. 
----- ~ . 

(i 

. ' wa'rd 'of the 1agoon is a terrace 1eading to the beach. The 

t&r~ace i5 the site of extensive Thalassia heds and most of the 
, . 

c;oarse' sediment, produced. in thi~ environment 18 probably depos-

--4t~d in,place or transported towards the beach: 

The barrier reef, back-reef fIat, siope and 1agoon ~re~~e 

main Sites of sediment productio~. transport and deposition and 

we r e" 5 tu die c:! in m 0 s t d e ta iL, , 

Fout.bas.ic grain size component popu~~tions are present in 
" 

the ateaJ The~e'popu1ations ~re mi~ed in different combinations 

and proportions' to make up most of the samp1ed grain size popu,:, " 
$'" ,,~'" 

lations. In ord'et of coarseness, the grain 'Size charactéristic8 

and environments pf oècurrence of the basic component ~opulations ~ 

are as follows (Fi~s. 19,and 20): 

l 

l'e 

\ . 

\ 

X =-0.7 to -0.25 phï; ~ .' 0.72 to O.SS'phi. 

This pop4,lation forms' t'he predominanto componen!?' 
.J. _ .. 

1: 
(4~ to 95% by weight) of samples from unrippled sands 

within channels of the barrièr reef and immediately , : 

behind the reef. pop»lation III i8 the other compon-

ent. PopuIalr"t.on 1 aISo constitu'tés 22 ta 55% (by 

.' weisht) .. of samples from, ripple troughs on the back-

ree f sand n,a t. Again i,t i s mixed wi t"h pop..ulatloq III. 

;~ :: 1.05 to"1.40 phi;cr :: 0.'75 to 0.95 phi. 

This populati~'n "forms the unimodal grain size dis

tr~but1on ~f semples of ~ipple crests on the ba~k.ie~~ 
, . 

. fIat. It a1so fO'rms the s.ubordinate c.ompon.~i\t· (-25 to 

.. 

'. 
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53i. by weight) of the samples from the iagoon where 

1 
it is mixed with population 1v. 

" 
~ = 1.80 to 2.10 phi; cr "= 0.59 to 0.70 phi. 

This population forms the subordinate component (20 

to 54% by weight) of the reef sampJes and the pre~om

inant,component (45. to 78'(. by weight) of ripple trough 

samples from the b~ck-reef f1:at. . 

IV ~ = 3.15 to 3.~0 phi; ~ = 0.45 to 0.66 phi. 

Thi.s pOI;»ulation f'orm~ the predominant component (47 to 

75% by weight) of .the 'samples fro~ the lagoon. 

Grain size distributions of sa~ples from the slope b~tween 
~ 

the "bac-k-reef fla,~ and the lagobn are bimodal. The coarse com-

ponent population is intermediate in grain size to popu"lations 

1 and II except near the base of the 
. ~ 

slope where it is coarser 

and similar. to populB tion 1 .. The f'-he component population de-

creases in melln grain siz.e downslope. Mean grain size changes 

from similar to populatiop IrI to slmllar xo population IV. 

A 14 inch (35.6 cm) long.core fr~om the back-reef fIat had 

compone.nt ,grain size populatioBS similar to the ripple trough ~ 

samples (populations 1 and II) to the bottom of the core.' Thè-

grain size,distributions of samples from a 10.5 Inch (26.7 cm) 

long core on tHe slope were similar ~o nearby surf~~e samples 

(fine populations 1 and III) except for'a half inch (1.3 cm) 

tlÎick coarse 
, . 

grai~ed layer that was comprised ~f a normal popu-

1 a t ion 1 and fi n.e pop u 1 a t ion 1 1 1) . 

The sampled grain size ~opulatlons of Grand Bay wer~ i9 
1 

equilibrium with normal prevailing wave conditions. The grain 

/ 
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~ 

size component populations were interpreted in terms of 1ag, 

bed tr~ns~ort and suspension trans~ort under the p~e~ailing 

conditions. The Interpretations are consis~ent with the trans-

port competence of the observed waves and of postu1ated storm 
" 

. wave s. A model of reef sediment trarlsport and deposition in 

Grand Bay is presented in Figures 22 and 23. 

Stage l, (Fig. 22) represents the observed prevailing con-

ditio~s of se~i~ent transport in Grand Bay when waves have per-
I 

iods of 4 to' 5 seconds· and heights of 1 or 2 feet. Particles 

finer than-0.43 phi (0.74 mm) are transported shorewards across 

the back-reef sand fIat. Grain size component population l is 

not transported under normal conditions. Component population 

II ia transp?r~ed very slpwly by rolling in the bed 10ad and is 

o~ganized into ripples on the back-reef fIat. Upon reaching the 
~~~p 

e d g e 0 f the bac k -- r e e f fla t i t i s d e p 0 s i te don the s 10 p e ~ ~ 5' '-p art 

of the coarse grain size comp~nent population of the slope de-

posits. Saltating population III is moved rapidly across'the 

back-reef fIat. Except far that part caught interstitially in 

the coarse population of the ripple troughs, most of population 

lIt is deposited as ~art of the predominant grain size component 

population of the slope deppsits (Fig. 22). 

Grain size component population IV is transported across the 

'back-reef fIat rapidly, probably in suspension. Coarser .grain 

sizes of population IV come to rest on the slope as part of the 

fine grains size ~nent population (Fig. 22). For a giv~n 
-

W8ve Set the maximum bottom orbital velocity decreases as the 

water depth increases~ Therefore, progressively more and finer 

- , 

1 
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STAGE l 

REEF 

"IPPLof: , 

C!lEST 

BACK REEF UNSTABLE SANO FLAT 

STAGE il - STORM CONDITIONS 

SE~ LEVEL 

, .•• '\1 •••• - •••• > ... 
-

~ III 1+ 
- --.....

, 1 Il 1+ 

l' • 

&:((1( ~t f' 'ÛlT EIIOOCO FROI,I PAEVAII.HIG '[QUILISIIIUI,I 
'SUAr.CE TO STOII'" EQUII.II11IU\I SUIIFACE 

1 • 

• 1 

PERIOD·-4-5 SECS 
HEIGHT 0 3'O,~1 M 

,'. 

.v 

/. 1 Iv IV' IV 

',SLOPE I,LAGO'ON STA8LE 
. SAND '.' 

WÀvE PE~IOD' 4·5 SECS. 
'NAVE HEIGHT' 0.76 M , 

I,II)ST ,or III, ' 
• • • •• 1 V Il FltlE'It· • • •• ) 

. .... . : . :>': . - .. -

Il Il 

STAGE m -, RE:TURN TO PREVAILING CONDITIONS 
'PREVAllING EOUILII;tRIUM SURF~CE' OF eACK REEF FLAT ,at-ESTA6-LISHED 

DURING W4NING STAGES OF STO"RM MAINLY BV DEPOSITION 
Of' POPULATION 1. ,INFILTR4TEO SY POPULATION III TRf4NSPORTEO 
Bl' P~E\lAILlNG WAVES 

. ~ 

RESU\-TANT OBSERVEO OCCURRENCE OF GRAIN SIZE 
C0MPONENT POPULATIONS 

1 

',la 1/1 -

SEDIMENT TRANSPORT 

•••••• ~ IN SUSPENSION 

SEA LEV.EL 

~ ~- -~ IN TR"ACTION (JUMPING - SAL TATlON? 

--.. J n~ TRACTION (ROLLING 8 CREEPING) 

---.. GRA\lITATIONAl ROLLI/i,G 

PHI 
MM 

\1 a IV 

GRAIN SIZE 
-4 -Z 0 Z 4 
16 4 1 1/4, 1/16 

/1 III IV 

GRAIN SilE COMPONE NT POPS. 
IN TRANSPORT OR OEP.oSJTEO 

Fig. 22 Model of ~ediment transport and deposition 
in Grand Bay.' 
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portions Qf .pop·~latidn IV
AJ 

becomestable down the slope, frôm the' 

back-reef' flat. ;rhe progressive!y g.rlater pr,oportion and fina-
l , 

nesi of populatloh ry mlxe4 with popul~tlon III down the slope 
~ , , 

, \ , 
givès rise to an' ,inverse grain' size 81rading of the fine compOn-

• , 1 
. . \ 

ent of the slope :d~posit (Fig. 23). Mo.~t of the 
1 

.lB deposited ,in the lagoon where i:t Is ~eCOgni~ed 

suspended' load . 
{ . 

as population 

IV (i = 3.5 to 3~2b phi). \ 

The bulk 'of the mud ... size (finer tha\ 4 phi) grains. which 

arerund'oubted ly produced on -ti,le 'reef and are not common in the 

bà'Y. pro'bably ..... remain 'In 'Su'Spension,long e,~Ough. to be remove,d b'y 

slow tidal and wave induced circulation tQ deep~r wate~. 
1 

Ouring storms (Stage II of Fig. 22) aIl a~iilabl~ grain 

slzes finer than ~pproximately ~1.15 phi (2.2 mm) are transported 

from tlfe 'reef'a~rea and acro-ss the bac'k-reef 'fIat. Companent pop-

ulaÜ~n 1 forms the, coarse portio'n o'f t~ traction load, moving 

to the edge of 'the back ... reef fIat: (1t the top of the .s.~eep_ slope, 

which ls at or,ne~t the angle-of repose for finer grain sizes, 

1 • the. -coarse gr~in size fra-ctions are' unstable and roll ta the 

'bottom. T~ey form a coar~e ~rained bottom-se~ deposit to the 

shoreward prograding back-reet sand body.' rf the storm were ., , 

.severe or long enough, sufflcient populati'on l,grain sizes would 

_be del1vered ta. the slope t6 c'log -and form a coarse grained 

storm cross set ln the back-reef san~ body (Fig. 23). 

,Component population, II, which 'makes up the normal wave 

rtpple cresta. is the m~st exposed grain size pGpulation on the 

fIat durlng kto~.s\and Is rapidly transported as the 
• 1 

1 
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PR.OGRADING BACK-R~EF SAND .BODY. 
, , '. 

f GRAND BAY . 
I~ ;. , , 

FROM -GRAIN SIZE DISTRIBUTIONS Of' CORES AND 

SAMPLES _ON SLOPE FROM BACK'- ~EEF 
UNSTABLE SAND FLAT 

, 
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~in~8t portion of the bed load (Fig. 2?). lt i~ swept down the' 

." , 
slop~ {n~o deeper wai~rowhere the storm waves are , st'll capable 

'. 

of distributing it as coarse bed load to form the COB se compon-

ent population of tbe 1agoonal ~eposits . One might exp ct the 

'development of beq struc~ures and lam~na·tions in the lagoonal 

deposit's bec.ause of alternati,ng normal and storm condi-:tions . 

'However, it is lik-ely that growth of marine graàses and. burrow-. . 
) 

ing by various organisms during éxtended per~ods of normal 

weathèr destroy primary 8edimentar~ structures 
o 

the upper~layers, of the deposit. . ' ' 

'Compçnent population III ia proqably p~t ~~to suspensiQn 
, 

on .-t;.he back-reef flat during a st.orm (Fig. 22). rts absence 'in 
. 

the lagoona1 deposits may be a result of increased circulation 

in Grand Bay during a storm ~o that the bulk of material in sus-

pension ls remov:ed t'O outside of the beek-reef are'a. ,. 

The observed water depth ~n. the back-reef (lat, establlahed . ' 

during normal weather, i8 npt-in hydrodynamic~equilibrium with 
" 

• of . 
storm waves and scouring probably oècurs du ring a &torm. Depoa-

ltion of a coarse graine~ (population 1) top set deposit would 

occur during, the waning stage.s of the storm. A return to normal 

con~iitions would re-establish the observed luter depth"'and popu-

lation III would infl1trate the coarse top-set grain size popu-
1 

~ation ta form, the grain size distributions ob8erve~ in Core A . 
.... 

Alternation of normal and storm c ndition~ in Grand, Bay 

(Fig. 22) resultsin alternatlons of sediment transport patterns 

ind deposition of a back-reef sand body prosrading shoreward 
, " 

over fine"t' grained lagoon81 deposits Fig. 23). ~: 

.. 
, 1 .~ 

.. 
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CHAPIlER 6 - SEDIME 
DEPOSITION IN 

SeQiment- transport and 

sted ,by unidirectional fl~w 

~northward'fl?w s~ronges~)~ 
., 

.~ 
TRANSPORT AND 

BAY 
, . 

" 

, 1 • 

e p 0 si t i ~ n i n Wa t.. e r i~'n g Ba y-' 18 do 1 i fi-

1 
f 'un~~ual reversing tidal ~urre~ts 

ia~es normally affect bottom 
". 

only 

{mmediately behind the barrier reef &nd in shorew~rd zones. 

See Chapter l and Figure 2 fo 
l ' 

r&gional character and se~sonal 

variation of'the winds, waves and tides. More detailed informa-

tion within the bay was gathe~ed :during Decemb-er~ 196-6 'and' June 

to Septem~er 1967 (qualitiative and limited quantitative ob~er-

v.ations) , Sinee the measurements had to be fitted into a mapping, 

sampling and echo sounding progra~, the observations were in-

frequent"and of short duration. Funds were not available for 

purehsse pf 'reeording me8surement devices which would hàve al1ow-

ad a more complete progra~. 

A SQnas-Rion Type V Ott cur~ènt mete~ w~s usedtduring April 

and May 19-68, Measured eurrent 'veiociii~s are average values 

over three minute intervals and velocity profiles are based on 

successive rather than simultaneous measurements, 

"Water level measurements were made on a marked wooden stake 
, . 

, ' 

driven intd shallow bottom'in a quiet, backwater just south o~;tae 

mangrove swamp at the n6rthern end of Watering Bay. AIso, when 

. 
the boa,t WB s anchored for a le ngth y pe ii od 0 f c urren t 0 b'se rva": 

l 
1 

tions .. sorne idea of tidal trends and times of hi8h and low water 

.. 

" . 
" 

, 
l 

J . i 
1 
1 
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could be obtained bY'running the ~~ho sounder every 

and measuring the· first. __ ater bottom multiple if 1t was present. 

Wave periods were estimated by, counting the numb,er of wave 

crests passing under the anchored boat during 3 ta 16 minute 

intervals . Wave heights were estimatEid or, in wate,r~ss th~n 

5 feet deep immediatly behind the reef, measured on a marked 

pole standtng on bottom. 

Waves 

Se'Condary waves behind the reef ,in Watering Bay during two 

days in'April 1968 had average periods of 2 to 2.5 seconds and 

est i mat e d he i g h t s 0 f' 1 toI ~ f e e t ( 0 . 3 0 t 0 O. 46 m). These waves 

are though~ toob~ represehtatlve of normal conditions in Watering 
\ 

Bay during spring. In the winter mo~thœ wave periods and heights 

are pro b a b 1 Y g r e a te r , f 0 \,1 0 win g th e t r end for 0 c e ans w e 1 1 i n 

Figure 2. , , 

On occasions a longer, higher wave set was observed entering 

Watering Bay from the north or northeast. These waves were often 
Q 

recognizaple as fat' south as travèrse 6, and were, gbserved to 

break on the back-reef margin and on ~he north and west sides of 

Carib, a smaii sandy islet behind the reef (Pl'ate II). The, 

longer period' suggests that it was ocean swe11, attenuated by 

refraction and diffractiçn through and around the small islands 
o L 

of l"inesse, Mopion, Petit St. Vincent and Petit Martinique to the 
o 

,east and northeast. In the open ocean the swell is probably from . 

(f 

a\ east-northeast Co northeasterly direction. Waves from more 

nO~herlY,o: southerly directions wouid be too dissipated by the 

" 
.. ' .. '. 

" 

o .. 
L ' ____ ..,~ ~~~.. ~~-:: ~~ 

~'; ~l, ;~~~ :~~~: '~~;~t;~: .~ 
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islands and reefs 1n t.li,~~e dirèc,tions to be recognizable in 
'. 

Watering Bay. \, , 

The northera half of Watering B<1Y must be affecte~ by,long' 

or ' , 
.period waves' to the greate,st extent durini the,tw~n'f!ér mont.~s 

o , 
wh"en swelL ~om the northeast,is most common. From Figure 2 the 

Q 

most eommon wave p'eriod should be around six seconds. The only 
• 

me'a'sured set of {hese 'waves was on A~ril 27, 1968 when a period 
. b" ' 

of 9.6 seconds and a maximum height of two oor three fact- (0.61 

to 0:30 m) was 
1 

observed a~ location 23' (Fig. 
i'I o 

, ride sand Curren ts 

3) . 

1 

r 
; 

L 
'1 

1 . 
.t, 
'j 

~ 
J 

~ f 
! 
1 

1 

\} 
1 , 

The Ud'al harmonie constants, l-isted in the Admirs'lty Tid,,A" 
~ '1 

, ---------'. \ i Tables (1967), when used to ealculat·e the "Formsahl"(nefant, \' l 
Vol. Ir, p. 307,1961), 'lHeélict m'ixe'd tt-de's with dominant diu~n~l i 

\ , 
cômp'onentsc(F ="1.86) 'in Hlilsborough Bayon the west coast of 

1 

Carriacou, <:Jnli dominant ;gemi-diurnal- compon~nts (F = 1.02) in 
, î> ' 

Tobago Cays, nine miles to'th~ north. Scattered observations in 

Water![l'g B~y (Figs. 24 and 25) i.ndicate that th'ere, are two h)gh 
'\ 

;. 
waters per day throughout"the month (i.e. that the 

, t'r 1 ...... r---

c" 
semi-diurna 1 

components are dominant) .. 

Figure 24 shows the relationship between predicted high and 

10'W 'Wàter!! in Hillsborough Bay, observed tides in Watering Bay, 

and measured currents ,in the middle of Watering Bay at"the third 
~ • , .. q .. 

quarter of' the' mQOtl (near neap tide) and one day after the new 
,,- ,jj 

moon (nesT spring' ti~e). Limitad current data for five stations . . 
two dayS afte~~,full moon are co~pared"tn Fig~re 2~, with 

predicted spring ~dal streams between Carriacou and Petit 

. . 

•• ': '. J ," 

.', " ~. 
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TIDES ANQ CURRENTS, 'WATERING, BAY 

g , 

1 0 r-~-oo--r-~~'-I~~-r~--r-I,~~--~'~,--r-'O~OO--r-~-r-~f'Q--r-~-r-~~~--r-~-r-o.~®-.~ 

HHW MAY IS; 1968, 0 MAY ao, 1968 ' 1 
zo- " .... ~,.... '. ~ L~W 0, ? -;;; _ 

TIDE LEVEL" • .':::~.................. 0..... .....:..._ ... O-~---- ____ O ____ ------~ 

( lAICHES) ...... .....:;- ....... , ' _ .... '" , , , 
N ro- ........ ........... .... .... '(" • 

~ , 'O~ 
ARBITRARY ·:...A.....' , ., 

DATUM e_. ....... TIDA,L STAKE 
0-

0--

zo-

PREDfCTEO HW a LW 
IN ..,ILLSBOROUGtf BAY. 
(FROM ~DMIRA~TY TIDE. TABLES) 

ESTUI1ATEO ev ECHO SOUNDING 
EVERY '30 ,M'IN~TES, , ..... 

/ 

NEAR NEAP TIDES 
(Thlrd Ouort,r lof Moon Moy tg) -

/ ' \. 
0~------______ ~ __ -4 ____ " __ ~~~ __________ --~' __ ~~~ __ ~--__ ~ 

, " "1 . '".,-- ",-"",'" / 
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~artinique (tidal stream table, Admiraa.ty Chart 2872). 

,From Figures 24 and 25, the main featurea of the tide and 

current' system in Watering B4Y are: 

( 1) 

(2) 

(3 ) 

(4) 

Sem! -diurnal tides are domi~ant. 

The tida't range is smal1j the-difference between spritC\g 
, • f. • 

. ·.HHW and LLW i9 ~pproxim8té1y 1.5 f,et (o~46 ml . 

Maldmum current 'flow to the north occurs at ()'r near 

high water. 

Maximum curren~ flow to the south accurs st or near 

low wate r. 

(5) Cur~ent velocities a~e &rastèst near spring tides. 

(6) Current velocities outside the reef are consideratl y . 

greater-than thoie in ~atering Bay. 

(7) North f10wing currents arè always ~ast~r and of longei 

duration than south flowing currents. At tlmes there '. Js no flow to the south. 

(8) In Wateripg Say the velocity of th~ nortb flpw~ns cur-

rent decreases' from the centre toward's thé shore and 

towerds the re~f,. 

(9) Time of slack water in Wa~erlng Bay precedes that out-

side the tee f. 

'(lOf The .asymm'etry or curre~t vel.ocitied' il'ldicat~HII the pres-

~nce of n,on-reve rsing north f 10wi ng curren ts of, approx-

imately 50 cm/sec outslde the ree~ (\ to 1~ knots, West 

Indian Pilot, 1955), and between 5 and 20 cm/sec in-

Wa te ring B'ay. 
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-The north flowing curr~~~s 6n whith,the rev~rsfng tldal c~r-

\ ' -
r~n ts are superimposed are :vari~ble .. ,Outside' the reef and be-

tween the Islands, the current i8 prElbably the regional north-

~èstwa~d drift. Weaker currents within Wat~ring Bay are a re

suit of w~ter driv~n over th~ reef by wind and waves and flowing 

ou( tbe open north end. These variable curr2n~s, cause variations 

- in periodicity, relative strength8- and durat19ns of the reversing 
'" 

curre~ts;" 

~he paths followed by drift botties, released in Wa~~r16g 

_S'ay' .. are s'hown ~~ F~gt,lre 26.' purtng time-s'of northerly flow. 

w.a,~er. ~nteI"s 'the 'bay ove:r the' r,eef, ~acceler~~e.s, g,ra.duaHy ,l;:'è>wards 

the north and passes out- through 'the ''Open riorthern end 'of the bay . 

hère it joins the strong westward fl?W hetween Carriac-Ou 'Is'land 

and ~~ion Istand fOUr miles to1t~e north. Water also enters the, 

bey by way of the' channel between the' reef and Point St. Hilaire. 

Duting 't1mes ,of so~therly flov, most of the -vater' leav~s the bay 

by'way of this channel. Only once was t~e f~ow over the reef 

observed to reverse towards the out'side. 

Natur~ of Current' F10w in Watering Bay 

~axlmum water depth (h) in 'Wat.et'i~g, Bay Is slightly less tha~ 

30 ,feet '(914 cm) 'and most of.:the ba-Yr wliere 'transport by tidal 

c~rreot8 18 important, l's greater-', than 5 feet (152 cm) deep. 'Th.e 

critical value, -of the Reynolds Number (R =< ~h/v) se,parpting 

lamia~r f~o~ ,tu~bulent f'ow ls 600. 
, -

,thla kinematlc v.iscosity (v) of sea water st 25-° C, the' crttical 

r 
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values of average veloci~y (cr) co~responding to a Reynolds 

1 

Num~er of &00 are 0.032 cm/sec for ~epths of 5 ~eet (lS~ cm) 

and O.DOS,cm/sec for depths of 30 'feet (915 cm). Tidal current 

velocities in Watering Bay are considerably greatèr than the 

tritical velocities, and ,the flow 1.s turbulent. 
, ,< 

"The criti,.c.al 'value of the Fraude Number (F üID) separat-
,~ 

ing tranquil from rapid f10w is unity. A t the de p th s g.i ven a b a ve 

the crftical values of average flow velocity corresponding to a 

Froude number of unit y are 386 cm/sec for depths of 5 feet (152 
A 

cm) and 946 cm/sec for deptl)s of JO feet (914 cm). Since tidal 

current velocities in Watering Bay are considerably less th an 

the critical velocities, the flow is traqql.lil. 

SEDIMENT TRAPS 

The sediment ttaps employed' are essentia1ly op"en-ended boxes 

with cloth mesh bag~ attached to one end (Plate 7e). They were .r"'" 

stacked on ~op of one another on the sea floor to sample sediment 

in, transport st different levels. 

The sediment trap design used during the summer of 1967 pro-

duced equivoc81 results because lt had a tend~~cy to tilt back 

with the ,current. As a r6sul~ the front lip of the hottom ttap 

was lifted from the sediment, scour!ng occùrred beneath the trap 

and. bed loa"d was not adequately sampled', 

fl.ciently encouraging however, ,that a more sta~le trap was de-

slgned and used in 1968. The tr~ps were 'stacked th·ree his,h' ta 

samp1e sediment in t~~nsport Be 0 to 2 lnches (0-5 cm)~ 2 to 4 

" ------ -,' -. '~.--.~~",,-;~ 

.,,, ." 

Î 



Î' , . 

:' 

1. 

-

- 117- -: 

~ inche.s (5-10 cm) and 4 to 6 lnches (10-15 cm), above the bottom. 

Trap results at!"~ localities, whete current velocity ,measurements 

were made will be considered tn detail. Location 35 (Fig. 3) is 
Il 

'rElpresentative q"f most of Watering' Bay. Location 75 is in the 

channel between Point St. Hilaire and the reef through which 
e 1 ~" 

muoh of the tidal flow passes. Location 2415 near the barrier 

reef at the northern end of Watering Bay' and pbservations were 

'made st a time when waves as weIl as tidai curren'ts were having 

a strong influence on the 'bottom. 

Location 35 

Current Measurements 

The mo-st complete tidai current data coilected during this 

st~dy weS at ~ocation 35 (Fig, 3) which, on the basis of bottom 

observations, bathymetry and central location, was selected as 

b~ing representative of most of Wataring Bay. Current velocity, 

variations at this 'location near neap tides on May 19 and 20, 1968 

and near spring tides on May 28 and 29 were presented above'in 

,"". Figure 24. None. of the southward flowing currents .represented 

. in Figure 24 were capable of tr~nsporting sediment. 

During -the current measurements near neap tides on May 19. 

the greatest bottom shear occurred during nortberly flow Just 

after 11:30 hours, when the velocity 6 feet (183 cm) above bottom 

was 28.02 cm/sec and the velocity 6 inches (15 cm) above bottom 

was 14.30 cm/sec. From the ~qùatl0n 
.. 

(see page 74) 
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the corresponding sheat velocity was 2'.20 c'm/sec. From Figure 

16 this bottom shear was capable of eroding weIl sorted sand 

with a mesn grain. size of 0.48 mm (1.04 0). Sine e t ~e bo t tom .' sediment at location 35 has a mean grain size of 1.04 0 and is 

moderately to poorly sorted with a standard deviation of 1.0a 0, 

i't ls 'theortically possible that the méasured northérly flow near 

neap tides was jUS;lbarelY capable af transporting the bCSttom 

sediment for a very short time only. In fact, no sand waB ob-

served to he movit!g on the bottom dùri~g the current measurements 

of Ma y 19. 

The measured northward flowing currents on ~ay 28 and 29 

near sprlng tides, howev~r, w .. ere capable of eroding and transport-

ing the bottom sediment at location 35. They were observed to 

d~ so over a nearly planar surface with~small.seale eurrent lin-

eations on May ~8. 

As a general conclusion and in keeping'with non-quantitative 

observations during the field work, net sedlment tnansport in 

Wateri..ngBay is towards the nortl:t. a~d it may be ve~y se~dom that 

th~' sôuth flowing 'cuuent ls competent to transport bottom sand. 

Als~, most sediment transport occurs around spring tides. 

Current Veloc~ty Profiles ~nd Roughness Lengtp 

, • w Eleven setL of consecutive'current measûrements at two depths 

during the afternoon of May 28 are àssumed to approximate the 

average current profi~es. A further a~sumption that the profiles 

are logarithmic allows, graphieal esiimatton of roughness length~ 

(Fig. 21) by the method outlined by lnman (in Shepard, 1963). 
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First ap~roxi~atian values range from 0.018 ~o 1.:7 cm, ~nd the 

p·rofiles appear' ta be fair1y consis.tent with' .the ex'C~ption of . . , 

that- for the' slowes.t currents. Ignoring th-e value derived from 

this possib.ly spurious. profile, the rOughneS~ lengths vary from 

0.78 to 1.97 cm a'nd 'aver~ge 1.11 cm (-3.46 0)., This diameter is 

within the-first ha1f phi size interval coarser than the <;:oarsest 

grai~s in the be.d material. 

Shear Velocities 

Using a' roughnes~ length of 1.11 cm and the. von Karman-

Prandt1 equation for rough boundaries,' sheal" velocities were cal-

culated for a Il the m,easured ve loci tie sand plott.éd on:' Figùre 28 
~ ~ 

. along with 'field· observations. 

At 13:45 hours, when there was à shear yelocity of t.7 cm/ 

sec, no 'sand was observed to be moving. At 14~OO hours" when the 
. . 

next,dive and, bottom observatioDs were made. the 

wss 2.7 cm/sec,~rOlling of sand 

shear velocity 
" 

was noted. rf 

• 
~hè Latter,value 1s taken as thresho1d shear velocity, thert .from 

Figure 16, ·th~ 'corresponding grain size i8 0.80 mm (0.31 0) which' 

iB the twenty-eighth percent11e of the bottom sediment grain si~e 

distribution. The theoret'ical threshold s'haar velocity, based on 

the mean grain size of the bottom sediment, (cr. 47 mm (1.04 0), 1s 

2.20 cm/sf!c and should hold for wel1-sort~d grain size distribu-

tions. However. the bottom sediment,at location 3S is moderately 

to poor1y sorted with a standard deviatioq of 1.08 0, and there

fo~e the ~bserved dlsplacement of the representative grain size 

to:~ards the caarse tail is to he eJl:pected. From Figure 28, the 
l , 
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C,uRRENT MEASI,JREMENTS MADE AT 
ELEVATIONS Of 15 a 183CM ABOVË BOTtOM 

\ . 

CURRÈN.T.PROFILES AT LOCATION ~5 IN 
.WATERING BAY MAY 28 '8 29. 1968 

- , 

, , 
EXTRAPOLATEO TO 0 VELOCITY TO oeTAIN FIRST 

, APPROXIMATIONS bF ROUGHNESS LENGTH'( ~_~) 

IGNOR ING PROFILE 1, AVERAGE 'lo:: 1. f.Il CM 

10 

CURRENT 

20' 30 

VELOCIT" 

40 
. 

(CM 1 SEC) 

" , 

Fig. 27 First apPx:o,Ximations of roughness len'gth 
from current profiles at locatio~'35, 
Wa,tering Bay. ' ,,' , 
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tJme during which the shear velocity was equal to or greater 

than the thresho1d shear ve10city was 4.5 + 4.1 = 8.6 hours oùt 

of every 25 hour tidal cycle near spring tides. 

Theoretical Competence and Grain Size nistributions 

On April 1,4, 1968 a sediment trap assemb~y,was emplaced at 

location'35 for 48 hours (nearly two full tidal cycles) during 

whic,h time the cu<ri~H\ts ran .northward four times. Since APTi 1 

.14 was near spring tides, ,the analysis of the currents observed 

on May 28 and 29 cah be co~sidered. 

In Figure 29- the grain si~e hist1>gratns of the bed mater'ial 

\ 

and of the s~mpl~s colleèted in t'tle traps are compared to the' 

theoretical competence curves for skeletal carbon~té grains in , 
sea water and the shear velocities caiculated from the current 

measurements of May 28. The grain size distribution of the three 

ttap samples are very similar~ with mesn, graina sizes of 2.80, 

2 . 7 9, and, 3 . 0 8 phi, an çI s tan d a rd d e v i a t ion s 0 f O. 9 8, O.' '3 2 a n cl 

~. 

1.,05 phi in ord-er o'f in.t?rea,8ing height above bottom. The fineness 

6 

of th'e bottom trap sample i8 \1nexpected until it la realized that 
< • ' 

the trap had b~en conside.,rably 'unde~scour,ed by the time of re trie-
, , 

val ,and that the bottom lip ..,a's above the sediment s-urface. There-
,-

fore the bot~om trap was unable to 9amp~ the trac n 10 ad mo;ving 

very close to the sediment surface', ~~t sampled suspension 

10,edd 

The maxi~u~ calculated shear velocity cm/sec) de-

fines à bed load si,ze range between 1.77 anô 0.375 mm- (-O.~l and, 

1.4,5 <~) and a suspension load- site range' finer ths,{l 0.375 mm 
,< 
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SHEARVELOCITIES AT LoeATION 35 
WATERING ,BAY 
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" 

OVER A FULL TIOAL CYCLE NEAR SPRtNG TIOES 

KO l 

SAND 
.MO:l1 NG 

INTEBMITTÂNT ROLLING OF SAND (THRESHOLO' OF' MOllEMENT Tl 

/ SCOURING - FORMING SMALL RIOGES ItEHIND OBSTAC·LES . 
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(1.4'50)., The· coarse' grain si'zè limit of ·th~ t,heoretica-l bed 

load is close to the maximum grain size.'of the bed material 

an~ corresponds to the 0.35, 0.15 and 0.12 percentiles of the 

trapped gr~in size distributions. The grain siz~ sep.rating 

bed from suspension 10a<Î co;rresponds tO the 65, 5, 3.9 and 2.3 

percentiles of the graih size distributions of the bed material, 
, 

b'ottom trap sample, middle' trap sample, anc! upper trap samp'le 

respectively. 

The presence of slzes coarser th an the coarsest theoretlcal 

suspen~d load grain size in the middle and upper traps (Figure 

29) ls probably è resu1t of ~~ansitory instantaneous shear 

velocities wh {ch can be mal}Y times ,chat ca~culated, from the 

ave,rage ve loci ties (Kalinske. 1943;. reported in Inman; 194~\). 

The f~ne skewed (3rd mOlllent =' O. 26)' nature of the bed· m'ater

ial grain size distribution Is a re$ult of deposition of progress

ively fining bed load grain size distributions as the tidal 

curr'ents' wane and a1s9 the normal entrapment of suspended load 

gr','in' sizes withtn the 'bed load, ' 

Tqe large amount of fine sus~é~ded lo~d grain size collected 

in the mid.dle and upper traps (~7.64 and '19,84 gms respectively) 

would indb:ate that the bed mate:r!al would not remain fi'ne skewed 

for any' length of Ume if it were the only sourc.e of s,uspended 

load g~al~ sizes. It ls prob~bl, ~hat mu~h of the suspended load 

,material transported in Watering Ba)' ls pç.I'oduc::ed on the barrier 

reef. euspended by wav~8 and sw~pt.through the bay in one ~idal 

cycle, never c-om!ng ·to res,t on the pottom of the bay, 
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SEDI'MENT TRAP LOCATION 35 
IN ~LACE' f'"tfNG lra o -FOR 48 HOURS FROM 12'35 P M APRIL 

, . 

>-
1-- ~ 
(,.)u 
ow 

Nf AR SPRING TIOES (FULLNOON APRIL 13) 

TOP' TRAP 
SAMPt,.ED 4-6 IN (10-15 CM) 

ABOVE SURFAC.E 

, 
SA"!PLE WEIGHT 19 84GM ~_ 

MIDDLE TRAP 
SAMPLEO 2 -04, IN (S-'OCM) 

'A80VE SURFACE. 

\ 
SAM P L''E wEI G H T 37. 64 G M 

o BOTTOM TRAP 

SAMPLED O-~ IN (0-5,CM) 

ABOVE SURFACE 

SAMPLE WE/GHT ê9é5GM 

(UNOER SCOUREO WITH -BOrtOM' Up, A GO V E' 
\SUR~ACE WHEN RETRIEVED-NO BEn LOAtn 

SEO· MATE.RIAL 
, 

DE PT H II FEET (,3.35 M) 

SAND BOTtOM. CURRENT' LlNEATI9NS, 
. LOGGERH-tAO SPONG~. STARF'ISH. 

MINOR SEA PL.:ANTS 

SHE,AR VE'LOCIT/ES DuRING FASTEST 
6 NORTHWARD FL;OW NEAR SPRING TIDES 

(FR'OM FIG', 28) 
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FiS, 29 Res~lts of sediment ~rap st l~cation 35 
comp~red to 't~ansport compe~ence of·measured 

l' shear velocities ~t same location. . . ~-:'t,. 
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" , 

" ' 

In general, the data from s~dimel'lt tz;,ap 35 ar,e in ag,reement 

with ~ediment transport the ory and ex~erimental results, bqt are 
b 

not comp1,etely ut),)dlbigu...ous since t'he bed load was not sampled 

PF~p'erly in the sedlmen.t trap. 

LdcaJ:ion ·75 

On April 10, 1968 'two s~dimen t ~rap 8S semb Ufi! s we re se t ou t 

in the cha~nel ent~ring Waterlng Bay fr~m ~he south atound Point 
, . 

S't. Hi'la/lre. One W8S: placed at loc'stlon 7) (Fig. 3) dire'ctly off 

~ the' t i P '0 f the, po i, n tan d _ fa c i n,g 1 7 50 a zi mut il i n 26 f e et' (7 • 9 Z m) 

of "ater. The other was placed approxi'tnately 2,200 feet (6'70 m) 

• 0 J 

to the north-northwest and facing 140 0 8zimuth in 18 'feet (5.49 
~ 

m) of water. The traps were left 1"n place for 25 hours"'to -sampl'e 

~ sediment transported ~y the domlna~t north~flowing currents over 

a full tidal cycle . 
, " 

It,w~s thought that the reluIts of the two trap's would pe', 
, ( 

similar b~ca'u~e of the similartty of the~bottou! se'~iments a't the 

tas sites (~ainly Porites ;ubble; algs1 encrusted gravel and 

coaree sand). The channel in wbich the two sites were lh~at.d . ' , , 'b 

is probablY neàr hy'drddynamic equi librluin; sIl but the' ver·y 
CI ~ ..,. ... 

coarsest blatu:la~ s'upplied ta tt 'being trans'Por.~e'd 'by nearly 

constant \bottom stresS,ès along lt. 
1 • 

The maintenance of èonstan~ 

she'sr str~8'ses·al~n·g.t~e channel ls reflecte'd by Its sb~llowing , 

~;"~.'., ,who re t~" .Ii ~ ~ h 'b. t .... ~ , the, b .. rr lO'~' __ ro ~ ~, •• 'd the:'.h~ r.,~ 
ward 2ones( in~r.ases'r·~pidly (Fig.. 4). The chan-nel mU'st become, ' 

, .!. 
s'h,a,ll";et .tp maintain the bottom shear stresses wi.th tll-e decreased, 

' .. 
water flow. , ' 
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On the basis of thé aboV"e arg~ment; ,cu-rtent measutements 

made àt the sec,ond site aré rela,ted ~o the sediment trap, data at 

loc'ation 75 where no curretlt measuremel\ts were' made. T' s!!di-, 

ment trap 'st thèo-"secon~te was fouled by.drifting sèa plants, 

and "Was .underscou,r'ed corislderaQly by the tinte' of ret'rieval. 
, , 

.. t,her~fore, ,t~e sedim~ 'c,o:llected 'ras considered unrepresenta-
. ~ . 

tive of the flow and no grain size analyses were made. Thé , , . 

sediment ',t'r,ap at 10~llti.on ,15, howev,er, co11ected consideUb'~1 
- .", - ~ 

, ' 

sediment, and was not ,fà~.led or undersc'oured, and, gl;.ain sise 

ana1ys'es were made.' , 
, 1 

The channel botto,m' Is affeéted only by, tidal eûr,rents.," 

Sh?rt period (2-3 sec). low (1-2 ft (30-6lcm»,wayes,obser'v_ed i'n'-

• Wat-ering Bay do qot pro~u.ce sign,ificant ~'.ott,(,.IJi',osc~U'at~ry ~-c;'ur-

,. 

1 ., .' , 
rer"t,ts in water deplihs of the current me4surement and"'sediDient' . 

, , • ~ ~ • - "! ... 1 • 

trap si te s. 

Current veloeit~ Profiles ann \Rougbne~s Length 

Current velocit!es wér~ nteasured at helghts of '3, 8 an'd 13' 

Ieet (91, 24,4 a.nd '396" cm) above, boçtom.· M~8$U'l;'~men~'s m~de'"con'-".' 
" . 

secutively at the, three he,ightiJ .p~ov,ide a ~lo8e e~t~mate' of the, ( 
~ ,'~ , ~ , 0 

velocity profil~, which shou Id, ~e logari thmic, f'n, the fully tu~-

bu 1 e nt ft o'w • 

Five profiles were measure'd 8n~ are plotted on seml-10g'ari

t'bmie ~aper i'O Fig~re 30. ,Best fit 8t1:al-ght 1.1n!,!s ~èle- drawn 

~hr~Ug~ tl].e data ,'~f eaèh p~ofile.' :D'~V~'~t:lo'n of"ea~~ ~ea:Qred 
) 

velocity from the 1ine i$ 8 meà8ure of "t.he devlat1Qn 'of -the 
" 

profiles (from log norarali:ty 't!nd ,are. pr!!sented .in table forro:- in 
1 
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':'Fl.g:ure 30. The devia,tions. of which only two of the ~tfte~~ 

/' e'xe'eed 4%, indicate that the, profi les are lognormaL Sternber~'" 

0968), with much mc>re' sophisticated equipment. c,?nsidered â 
, . 

profile to be lognorm~l if st least '4 of 6 velocity measurements 
" , ... " 

fell w,1thih 10% .. o..t' a :linear r~d,atiol'\,s.h,ip. 

, . 
Firs't approxim~tion~ ôf. roughness length (zo'= height a'd'a 

, : { . ' .. . ' 

intercept), for each' profile arê also included in the table On - -By 0?1 itting 

the prof:ile with' deviati',lns 'from logn'ormality greater than .5%. 

the rang~ of val.u~s·is-.reduced y{"o.'t9 .. t,o 1.33 ~m a~'~ the aver~g,e 
value is Û'.71 cm (-2.~1 ~). This roughness length corres"ponds to 

a grain- size diameter within the firat half p,hi interval coeraer 

than the coarsest grains in the main moqe of the bed material 
, 

-grain size distribueion. 

S hëar, Vè loci tie s 
1 

Shear velo~ity values we~e calculated from the current ~eas

ùrem-e.n!=8 ustng, the. average roughness length of 0.'7'1 cm and the 
• 1 

von Karman-Prandtl equati~n for rough boundaries. The .sheat 'V~ l:-

ocit.t.eê vary from 4.98 to·7.00 èm/sec (Fig. 31),. 

....... 
Theoretic;:al Compe"tence and Grain stze Distributions' , , 

, H1stograll18 o·f the grain -ïfze dflstr:lbutions ,of 'the bott~m se.d-
, . 

i~ent and of the trapped sedimen~ "st locat1.on 75 {Fig. 31} are 
, , 

eompared with 'the, theo,:et1cal competence' curves. ~or' a,arbonate 

-graf,ns ln sea wat~r 'and the calcurated .shear' velocities. .The 

griIn size distribution of sediment col1ected in the bottom trap 

-
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Is simllar tb that of thé ~ain m~de df the bed ~~terial sample 
..0 

and is coarsér than thos,e of the sediment collected.n the mi'd-

" dIe and top traps. ijased on t'he trapped sediment grain s:f:ze 

distributions, 't.he best separation of bed load and suspended 

load grain siozes occurs. at 0.5 0 (0.7l mm) which, from the 

suspensi~n c'ompet~nce curvé; corresponds to a 6.4 cm/sec shear 

ve loci ty. This sheaT Is câp~ble of transp6rting, in traction, 

grainJr"sizes up to -2.16 0 (4.5 .mm) which' c.orrespo~ds èl?s-ely ta 

the ~oarsest grain,~ize collected in t~e bottom trap (in the :1.5 

to -2:0 0 size range). Also from Figu,re ·31, the sedim~nt trap 

derived sheat velocity of 6.4 cm/sec Is a close approximation of 

the maxi~um'calculat~d shear velocities (6.63 to J.OO,cm/sec) 

occurring' b:\wee'n 14: 00 and ~5: 00 hours.' 
, 

The grain size separating beâload from suspended load on 

the basis of the 'trapped' grain size distribution and on the basis 

of' the maximum calc,ulated shear velocity correspond~ to the, 
\ .. ~ . .. 

,72nd and 67th' perc.entiles of the' bed material grain size distri-. ~ , 

but,ion resp~ctivJly. f 

Obser-vations'of bottom' sediment ,transport were not made at 

l~cation 75 as they were at locat'on 35 arid the threshold shear 

velocity must ~e e8tirnated; Thè minimum threshold shear~veloc-

lty, hased on t~e median grain':siz~ of the hed mate~tal (-2.0 0 

(1.12 mm» 18 approxLrnately 3:2 c'rnlsec. Since the bed mâterial 
-. 

at lo~ation 75 la poorly sort~d with a standsrd·de~iatiQn of 

1.810, the representative grain size 19 expecc.e~ ta be coarser 

than the rnedian grain size and should be st least as'coarse as 

the -twenty-.eight percenti'le whlch wss the repr-esentative grain 

\ ' 
\ 

\ 



1 
1 

1 

1 

! i 
P , 

Il 

i 
'l' l ' 

, .. , 

-

( 

..,., .. ~ . 
_ ... ..,~ •• - ~_'"' __ ~ ..... ~ ~_ ..... " .. l"-~ "" .. _ ... ~ ,_,,l'",,..·>~~ ......... f ..... ..,.- ...... ~ ~Jr' 'S.~T-.f"""·"'''''·''''.~''''':''\I''''''''''Alf!''''~''''' ..... '':.,.., ... ' - . 

130 

SEDIMENT TRAP LOCATIÔN 75 "'> 
,~ 

IN PLACE FACING 1750 fOR 25 HOURS FROM 10' 30 A M APR IL 10. 1968 

~~----------~------~------------------------~~ 
:O~AP 

SAMPLED 4-6 I~ i10-'15 CM') 
, ABOVE SUffhcE 

SAMPLE WEIGHT 7.5 GM 

MIDDLE TRAP 

SAMPLED '2 -4 IN l5-IOCMI 
ABOVE SURFACE 

SAMPLE 'WEIGHT 34 1 GM 

BOTTOM TRAP 
SAMPLËD 0-2 IN (0-5 CM) 

A e OV E 5 U Rf' ACE 

5AMPLE WEIGHT.1745GM 

SEO MATERI AL 
J 

DEPTH 26 FT (7 92M ) 

RORITES GRAVEL 8 COARSE SAND 

20 

10 

20 

f- 10 
Z 
w 
u 
w 0 -t--,.---,r--Fct.:.L4-L:....,-..:..,.--;r-"":t-... 
0:: 

, Q. 20 

10 

>
~ 0 -t--.,.---,r--r-:--r:-:..:,:-:::.....,......,....;.;,r--,..-..... 
w 

520 
w 
0:: 
t.. 

10 

.. --~----------------------------------- O~~-r~~~~r-r-~.-..... 
" 1 

10 

B 
>-
f- 6 -u U w c en 
~ ...... 4 
> ~ 
0:: 

U 

•• <t 
;J-' w 

::x:~ 

If) 

'- . 
" 

2 

12 GG 1400 16,QG 

TI ME· ,( HOURS) 

A P R 1 LlO, 1 9 6 8 

PH l ,4 

I4M 16 

-2 o 

1/4 

GRAIN SIZE 

Fig. 31 Results o'f s.ed.iment trap at location 75 ' 
~omp~red to transport compétence of 
calculated shear velocities. 
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si~e fo~ the ~oderétely-soited bed material at location 35. ~he 

th,reshold shear velocity. based on the 'twenty-eighth percentile 

,of the bed material grain size :distr'ibution (-1.25 0 (2.38 mm» 

ls 4.7 cm/sec. 

Using the latter threshold she'ar velocity and Figure ,31, it 

appears that the shear velocity in the chaQnel ~round Point St. 

Hilaire is equa1 to or greater than the threshold shear ve10city 

( 

for .7. 8 hou r sou t 0 f e ver y 2 5 hou r t i d-a 1 c y cIe ne ars p ri n g t ide s , 
as c om par e d t 0 8. 6 hou r s a t; 10 c a t ion 3 5 . 

Simitar to location 35, th'e positive "(fine) skewness of 
,;, 

the main grain size mode of the bed 'material at location 75 and 

, -
of the sample collected in the bot~om trap is probably a result 

of deposition of progressively fining bed load grain siie dis-.... 

tributions by waning tidal currents and the normal entrapment of 

suspended load grain sizes in the bed load. Hbwever, the skèwness 

of the whole bed aateri*l grain~size distribution in this case is 

a~tual1y ne,ative (-O~69) because of the presence of a coarse ~ode. 

The presence of grain sizes èoaJ;ser than' the coar,sest theo-

retical suspended load grain ~ize in the middle and upper traps 

(~ig. 31) is probabjy a reault of transitory instirttaneOlls shear 

veloclties (Kalt'nske. 1943; ,reporte~ in lnman. 1949). The shear 

velocity ,capable. of susp-ending the c6arse~t grain sizes collected 

in the middle and upper ~raps (2 0 (4 mm» is approximatelY 16 

cm/'sec (Fig. 16) which ia 2.3 timés the maximu'm calcu-lated values. 

From Figure 16 these transitory shear- velocities are capable of 

~oving graina up tQ -4.5 0 (2~ mm) in diame~e~. ~ignificantly, 

~It-._ .. ____ .~ ~L~ 

- -',o' ,:i.:,i,"" , , '":: ..... 
"T-. i:.~" '" 't ~ 

. '.; _ ",..~. ~ . .t J ..... ' ,1 .-

i 
j 
1 

j 

- 1 



--

(, 

t 
:I( , , 

f 

f ~ i 
~ i 
!. 

t 
l 

~ 11.... ... ~ .. 

~~' .. f;i~~~i/)~(j":t_;._~r_ "'t 

. - -• _ ............ __ ...-,~ ..... 1{~..,..,-('f~><lfII'!,~"-~).-V'7'*'<o!Y,..I~.~·~~~<,~-('~_,_ .. _._~_ 

132 

this is the maximum diameter of the bed material. Hence, the 
. 

gravel in the coarse mode may bl'! in very, ~low fntermittant trans-
) 

port under normal conditions, artd there is no need to consider 

it as lag material formed ~ ~ or as matl'!rial tran~ported only 

under abnormal conditions. 

As was found for'the currents and trap data at location 35, 

there- i8 generally a good correlation oetween sediment transport 

theory and expe'riments 'and the data from sediment trap 75. Also, 

the grain size distribution of the bed material 10gicall5' reflects 

and relates ta the hydrodyna~ic con4itions. 

Locati,on 24 

Another sediment trap and current measurement expertment was 

made, in 14 feet (4.27 m) of water at location 24 (Fig. 3) near, 

t.he northern end of Watering Bayon April 26, 1968 .. Three trap 

'assemblies were emplaced consecutively, and current measurements 

werê made at the ·same site throughout the day. B~th waves and 

tidai currents had an effect on the', bott.om during the experiment. 
,-

Observations of winds, waves, tidal cJi~rent veloci.'ties and bottom 

features arè included 1n Figure 32. '" 

Winds and Waves 

" Winds were light and, from the' northeas,t and eas.t-northeast 

thro~hout the day. Secondary local waves pa8~ing back from the 

b:~r reef had periods around 2 seconds and e'stimated 'heights, . '. 
from 1.5 to 2.3 feet (46 to 70 cm). Calculated maximum bottom 

,orbital velocities resuiting from these wave~ vary from 1.9 ta 

------------~,-----------------~~• _,"',. .. t~,... .. 
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. 
8 . 2 cm / s'e c and 0 fi the bas i s '0 f Fig ure 1 7 are l.n 5 u f fic i e n t t 0 

erode the bottom. 

Ouring the first wave observations of the day it ~as noted 

that there seemed' to be more théfn one set of waves 'âcting, but ~ 
/ 

it was not possible to distingui~~ the character of thé second 

se t. By 16: 20 hours, as noted on Figure 32, the second~set be-

came iecognizable as entering the bay from a northerly direction 

with a longer period than the secondary set: By 16:35 hours, 

sand ripples on the bottom became symmetrical in spite of' the 

north-flowing current being at its maximum rate of flow. Bottom 
; " 

sedime~t moved in' an oscillatory rnanner, Idut net sediment trans-

port was still northward. J 

The n,ex.tday (April 27) 'St 11100 hours, location 24 was re-
. 

visited, and the second set ,o,f waves w,as clearly distinguishable 

as being directly from the north and paving a wave period of 

9.6 second'S, a wave length of approximately 200 ,feet (61 m) and 
, , 

a wave height of approximately 4 feet (1.2 m). The ease of 

recognition was obviously due to an increase in wave height 

overnight. 

Since the bottom sand ripples became symmetrical when the 

tidal currt!nt was slack around noon April 26, tb,e long period 

wave set was proba~ly affecting the bot~m at location 24 through-
.~ 

out the sediment ~rap experiment. AIse the bottom orbital, veloc-

ity must have been compete~~·to move th~ bottom sediment. Using 

the mean grain size (0.85 0 (0.55 mm» of the moderatèly-sorted 
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WI'ND, WAVE, SAND RIPt:>LE 8 TIQA'L 
" . 

CURRENT OBSERVATIONS - LOC. 24 , ' 

~PRIL 26, 1968 - ilME Or DAY' lHRIMIN} 
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Fig, 32 Wind, wave, sand ripple and tidal c'urrènt 
observations at location 24. Watering Bay, 
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bed material ripple crest ssmple ss the representative grain 

size and the 'competence curve for 10 second period waves in 
fi 

Figure 17, the bottom orbital/velocity must have been between 
, / . 

approximate)y 28 cm/sec. 

Waves with a periad of 10 seconds and a heignt of 1.19 feet. 

(36 cm) have a bottom orbital velocity of approximately 26 cm/ 

sec in 14 feet (4.27 m) of water. The long period'and 10w wave 

height are the reason the wave set was not easily separated from 

the shorter period, higher secondary wsve set. The wave height 

must have incre.ased to around 2 feet (60cm) in arder to be rec-

ognized st 16:20 hours. 

For the sake of simplicity it will be assumed that the wave-

1 
induced bottom or~ital veloçity was constant at 28 cm/sec for the' 

entire 'éxperiment although velocities were probably greater while 

trap 24-3 was in,place. From Figures 16 and 17 this bottom orbit-

al veloc~ty is as competent to erode sediment as a she~r velocit~ 

of 2.33 cm/sec in unidire~tional flow. In considering tre reaults 

of the experiment 'an incremént of 2.33 cm/sec will be sdded to 

the calcula,tad shear velocities of the tidal curre'nts, to 'arrive 
, " 

at an estima-te of the total erosiveo and tl'ansport competence re-

sulting from the action of both waves and currents. 

Current Messurements 

Observations began shortly afte~ 8:00 hours on a wani~g 

southward flowing current (Fig. 32). Between 11:25 and 12:45 

1 

) 

,1 
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houts, t e current measurements were the lowest of the day; and 

the current direction was indeterminate. Dur i n g th i s t i me th è 

current was probably slack and th~ velocity measurements re-
1 

sulted from oscillatory motion of the long period WBVes. 

When ow wés we~k the current meter was able to sw~ng 

with llatory' currents and the velocity measurements were 

not due y to tidal flow. Before 10:00 hours and after 14:00 

r, the tidel flow lias strong enou~h to hold the 

current met r steady in one direction, and the net effect on the' 

current m asurement of the nearly equal oscillatory turrents 
, 

generated by the waves was hear zero. 

was 

,This was the only occasion when current flow to the soûth 
~ , . 

l'dl".: observed to b,e as fast or faste1;pli1tan the northward flo~nd 

was prob~bly a local phenomenon nesr the barrier ree~ in the 

northérn part of the bay. The usual constant northerly flow of 

water pumped over the barrie~ reef by wind and waves was probably 

aùllified by'the long period w~v~s entering the bay from the 

north and actually forming smal1 of t'he 

rèef as far south as traverse 6. 

Cu r r e fi t Ve 1 0 c 1 t Y Pro fIl e sand Roug.hness Length 

Velocity prof,iles liere drawn on semi-1ogarithmic paper as 

. s-traight 11nes between tw'o values since there ·were no current 

~easur~ments at a t~lrd height a~ove bottom to serve aS,a check, 

on the log~ormality of the profilas.' First approximation.s of 

roughness' lengtb are listed in p.lgure 32 immediately below the 
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current veloc~ty graph. œhe wide rang~ in varues from 0.03 to 

,44.9 cm and the high average value of 11.8 cm/sec in4:î.cate that 

Most of the profiles wer'e nct 10garithmic as measured; probably 

because of wave action. The values derived from the curr.ent 

velocities measured-, early in the day before 10: 00 hours are. 

ptobably the most unaffected by wave action and indicate that 

the roughness length was somewhere betwee'n 0·.4 ana 2.4 cm. 

On t"h~ basls of the results of the experiments at locations 
" 

3S and 75, the roughness length was assuIRed to be equivalent ta 

a grain diameter within the first· half phi ,grain size interval 

coarset than the coarsest half phi interval of the,bed material, 
.. 1 

,. which waB -2.0 to ~2.5 ~ (4 to 5.7 ~m). A value of 7 mm E-2.8 0) 
", 

waS selected which is also withi~ the range of 0.4 and 2.4 

estimated f'rom the velocity profile's before 10:00 hours~ 

Shear velocitie's 
'\ 

cm 
o 

Shear velocities were calculated 'from the current measurements-

ustng 'the von Karman-prandtl ~quation for, rough boundaries ,and 

t,he assumèd roug~ness lertgth of"0.7 cÙl. Values, range 'from 2.83 

to 1.03 cm/~ec (Ji·ig. 32). As diBcussed s'bovE;') 'rhe high value~ 
, , ' 

b'efore 10:'00 hours a~d aItet 14:00 hours shou'ld reflect the 
\ ... , .. .. 

stréngth of the tidqî currents. H ow e ve r, cal cul a te d s he a r ve l' 0 c -

ities. between 10:'00 'and '14:00 hours are based'on éurrent. measlJre-

'ments that .are -in erro,X" beca,use of wave action. 

As discussed ab()ve aIl 'shear' 'fe lo'city val ues wel'e increased 

b'y·2.33 cm/se,c in the upper shear velocity cùrve .on'Figure" 32 
, ~ 

f! 
to .prov1de an estim"te o~ the tota'l erosive competence resultit;lg 
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from the combin\iOO of long period waves and ti9~1' çurrents. 

These larger shear velocities will be ti'sed when c,opefde;ring , 
the se d i me n t t"r a p da ta. " .' {i:-' 

Theoretical Competence and Grafn Sl:te Distributions t 

The intervals of timé, during which èach ·of the t'Ùree sedl

me'nt trap assembIies wére in p,lsce are indicated st the bottom of 

Figure 32. All tr/aps were' placed paralleI with 'the riI:'Pl,e~ within 

ripp.le tro~ghs and fscing tHe current flow at the time. 

In Figures 33, 34' and 3~ tlle grain size distributions of the , . 

sedil11ent coIlected in the t.raps are compared ta the competence 

curves f!>r carbonate grains in Sea water and ta the~.;:,reIevant cal-

culated shear velocities. 

The results of- sediment trap 24"..1, emp1acetl for 3 hol,lt;'s and 

47, minutes during the waQing sd'uthward current, a~ë presented in 

Figure 33 . The grain size separating bed 'loj!d from suspended 

• ~ ... WO' l~a~ on the ,-~asis of t~e .,trapped sedi,.tllen~ histograms ia 1.25 0 

(0.43 mm). 'From the'suspended 10ad competence ~urve (Figs~ 16 

• 
\? 

(, . 

a tl d 3 3) a s h e li r ve 1'0 ç i t Y 0 f 4. j 5 c ~ / sec i s r e quI r e d t 0 sus pen d 
.. J f \ ' o 

grains fitt'er than 1.2500,(0.43 mm). t, 
Another·f}-SJ:i'mate of shear o"elocit;y is possible using the " 
• (3: • • , 

• • c) , 

maximum grain si4':e col1ected in the bàttom tràp. Ignoring the 
1 .. 

0.0) percent of the saOlple oC,curring in the '-.1.5 tQ -2:.0 (2.,83 . 

teP 4 mm) size' range the malf,lmum.· grain ·size i s -1. 5 ,\ (2 .84 mm) 
::';<'0 " 

which corresponds to a"shear 'velocity of 5 .• 2 <:.m/sec capable of 
f l'Iv;, ' . ot! • 

su~p.nd ing '$ "'in si ze s finu tha n 1>. 9 ~ (O. 53 mm). 

»'The .e~trma'te's of shea"r veloclty (4.35. and 5.2 cm/sec) deriv-

èd from the sediment, trap data are of the same ord~r as the maximum • 
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SEDIMENT TRAP LOCATION '24';'1 
1'" PlAC!; "'.lCINC 34,0 FOR 3 1(" 41 MIH AP'UL 26, 19&8 '1. 

[ 
1 

J 
GRAIN SIZE DtSTRIBUTlONS 

OF TRAPPEO SEOIMËNT 

, . 

TRAP 
, . 

SAMPLEO 4-6, tN {IO-15 CM) 
, 

ABOVE; SURFACE 

MIDDLE TRAp 
SAMf:!LEO ~: 4 I~ (5:.rO CM) 

A9<h'l' SURFAC.E 

BOTTOM~ THAP" 
\ . SAMPL.EO O· 2 \t.j tO - 5 CMI 

ABOVE SURf/ACE 

, Q 

, ' 

SAMPlE Wf;IGHT 1 ;33,87 GM 

SEOIMENT MOTION OOMINATEO S'y CURRE~T 

FFI,OM THE· NORTH 

SEDIMENT TRAP FACEO' .34.11 CI Al 
IN PLAC~ .3 HR. 4,7.MIN . 

- j .. 
" -". l ___ ·t~, ......... :.~. .~ 

• ... '4 .... 

""" G. ....."'"-0, ~ 

..J 

"" > 2. 
a: 
Cl 
l4i 

l' 
" 

~"'I..---..... - ...... --------...----.. 

,1 

g.OO 10,00 " 00 12 100 

• TUdE OF DAY (HR:MIN) 
1 APRIL 26, 1968 

30 

"\0 ( 

") 

10 
~ 
Z 
101 
U C> a: 
w 
Q. 

..: 20 
~ 

10 
". 
u-
Z 
101 
:> d 0 
W 
II: ... 

20 

10 

0 

,,~ . \. .. ~ 

"1(1 -4 • Z 0, . Z 
101101 16 4 .1 .1/4 

GRA"N SIZE . 

Fi,g. l3 Re.sul,ts of sediment' trap 24 ... 1 compared t'o 
tr~nsport cOllipet,~nces of ca'léulated s~e~â 
ve 1 oc i t le 8. 

, , 

1 

I~ 
0. 

12 

/ 
.-

1/16 

r..."..,·--+l' .. -· .... 

VI 

, 
. ; 

1 
t 

1 
1. 

1 

~ . 



( 

l' 

" '1 

" 

-/ ' 

l ' 

() :" 

1 
j '1 . . 

.... . , , , 

\ ' , 

\ 

140 
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-' , 't 
calculated sh~a~ velocity (4.80 ~m~sec) ac~ing while the trap 

l ' 

W8S in place (Fig. 33)'. The maximum c~.léula.ted '.shesT 'Ja..loci,ty 

is capable of s~spendlng grain slzes f,iner th'an 1.04,0 (0.48 mm) 
'~ 

in. diameter. This u'pper grain size lfmit of' the susp~nded',loa'd 

is equivl:llent to the '50,th and f>6tl), percén'tiles ,of t,he grain 'size 
, , 

, distribution~ of the hed m~t~rlal rippl~ cr,est ~ bed material 

rippte t~ough sa~pl~9 ~e~pe~Qlw~ly. 

",-:., " Sediment tr8p, ?4-2' was in, pIKc~. for 4',hours 'and .7 minutes 

fac~~g,into a waning northwsrd flowing cuirent. ,The re sul ts, 'in 

'- ' 
Figure 34, ar~ sl.mllaT to those of trap 24-1 and the two l.nter.- ' 

préted sh~ar velociti:es are' ident1cal. The maximutll' calcolat-ed 

shear v~locity of 4.74 cm/sec lies bet~een ih~ tw~ in~erp~eted 

" \ ' shear velocities snd ls capable .1tfftisuspending grain 'sites fi,ner 
;: 

than' 1.',08 0 (0.47 mm)' in diameter ... This grain size ls equiva1ent 
, ' 

.... 
of. the bed'c m,.at~1:'ia'l. r.1pple: c~est anq bed ma~teri'al' ripp'ie ,.~rough 

,~ 

s amp le s re spe 9,ii"ve 1 y'. ' . ' , 

Sediment tr~p 2~-3 ~Fig. 35) wa~ in place (or l'hour and 8 
, .: 

~ 
minutes d.ring which interval the northwar,d ,f~oYI d,~èieased sl,ighi-

, ' ... -

'1y from lts maximum 'rate' and' ~av~ action lnct;èaSed and became 
" 

<lominant. 
, >..J,r!, t 

If the ,wa~e8'Jtj8d ~ 10 second period ànd a height of 2-feet, 

'as was likely, the bottom orbitàl velocity W8S apprO~imately 
l ' 

43.8 cm/Sec. From Figure 17, using 'rhe c(jm'pet~nc~ 'cur've ~~r ,8, 

" . 
wave p,eriod of 10 sec,onds, this velocity 19 cap'able of l'liov'ing , 

gr~in8 finer than -0.56 phi (1.45 mm)~ FrOm Figure 16, shear', . ~, 
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'SEDIMENT TRA.P 
IN PLACE "'CING 161 0 l'OR 4 HR 

SAMPLEO 4'6' IN (~O-15 CM) 

ABove SI,JRFACE 

SAMPLE WEIGHT 22 69 GM 

,MI.DOLE TRAP 
SAMPLED Z-4IN (S-IOCM) 

. ABOliE 'SURfACE 

~AMPlE WEIGHT: 37.64 GM 

BOTTOM TRAP 
SAMPL EDO' 2 1 N (0·5 CM 1 

AB'OVE SURF~CE 

SAMPLE WEIGHT 

LOCATION 
1 MIN APRIL 26, 1968 

GRAIN SIZE OlSTRIBUTIONS 

OF TRAPPEO SEDIMENT 

30 • 

20 

SEDIMENT MOTION OOMINArEO BY CURRENT 

rF/DM SOUTH, MINOR E,FFEeT OF WAVES 

FROM 40° AZ 

10 
SEDIMENT TRAP FACED 1680 AZ. 

e IN PLACE 4'H~ 7 MIN 

6 
., 

4 .~ ... --:-
,". ';/ IN UOUUNT T'UPS \ \ 
~ . \ 

/" ____ ~N.2!!"~O!:!..u..~I~~."!!!I _ ~ 
2 sin 0' lU ,uPP&,[ UlIT \. 

l'MM l'tG 32 " 

1300 '4100 "'00 "'00 PH' -. '2 0 2 
TlME OF DAY (HR'MIN' lUI" • ,1 1/4 

APRIL 26. 1968 GRAIN SIZE, 

Ftg. 34 Res\llts of sediment tr~p 24-2 compared to 
transport competences of calculated shear 
velocities. 
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SEDIMENT TRAP LOCATION 24-3 

TOP TRAP' 
-..: 

SAMPLED 4'61N (lO'I~CM) 

AeOVE SURFACE' 

SAMPC'E WEIGHT 28.16 GM 

MIDDLE fTRAP 
SAMPLED 2-41N (5-IOCM) 

ABOV€ SURFACE 

SAMPLE WEIGHT: 3755 GM 

BOTTOM TRAP 
, 

SAMPLED 0-21N \0-5 CM) 

ABOVE SURFACE 

SAMPLE WEIGHT 11 60 

SURFACE SAMPLE 

, RIPPLE CREST --
RIPPLE TROUGH--

SEDIMENT MOTION DOMINATEO SY 
WAVES FROM 25 0 WtTH CURRENT 

GRAIN SIZE DISTRIBUTIONS 
OF TRAPPED SEDIMENT· 

20 

... 
z 

10 lAI 
U 
cr 
lAI 
0-

0 
.,.: 20 

• .... 
10 

0 

" 
.,.; 
U 
.Q. 

..: • -,.. 
u z 
lAI 
:) 
0 
w 
cr 
~ 

1 
1 
1 
1 
l, 

lA. 
o 

FROM THE SOUTH 
'SIISPtHQEO 
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veloçities of 3.60 ~m/sèc are requir~d ta move -0.56 phi (1.45 

mm) size grains. The maximum shear vel~city repre~enting the 

sum of current·and wave action would then be 6.01 cm/sec rather 

than 4.74 cm/sec. 

However, a shear ve10city of 4.74 cm(sec is a1r.eady compet-

ent ta move aIl but the very coarsest grains present in the bed 

mater,ial at location 24,. The effect of a greai~r cpmpetence ta 

td speed up the rate of transport. Anpther eff~ct of the high~r 

waves and greater competence may be observed in the increases. in 
" '1 , 

rate of trapping of 'suspended load relative to bed load (Fi-&.: 35). 

Rate~ of Sediment Trapping 

Bleached. dry weighta of samples collected· in ~edime,nt trap's 

35,' 75,24-1.24-2 ano 24-3 ate(pt:eaented in Table A by haIt phi 
\ ~ 

grain site intervals and by elévation'above bottom. For a gi ven 

sediment trap assembly these weights should he proportional ta 

the concentration of' sed,iment in transport at the sampled el'evji-
-. 

tions, 'assuming non-interference of the traps with the flow. 

The established and experimentally verified ~quatlon deBcrib-

ing the concentration gradient of suspended sediment in equilibrium 

unidirectional flow,is: 

CI H Zl Za 
"" W/BkoU* 

Ca li Za ZI 

" where Cl is the concentration at elevation,ZI above hottom of 
, . 

sedim,ent size fraction with terminal fall' vé"1ocity W, Ca ia the 

concen~ration at an arbitrary reference'elevation Za of the same 

.. 

l ., } - f 

"-

1 

1 
1 

,. 
1 
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size fraotion, H ts total depth, B, is' a coefficient.relating 
l " , 

se<iilJlent diffusion coefficient ,to momentum 4ifflision coefficient, 

ko, la the vqn Karman constant :anc;l U* i8 the, sheàr velocity 

(Briggs and Middleton, 1965, Brush, 1965). For a given.equil-

ibrium u~idirectional flow,condition the equ~tion predicts a 

concentrat'ion g'radient such that for ,~ach grain' size fr:action 

the concentration increaees towards the bottom and f1rier size 

fractions have a more uniform distribution than coarser size 

fractions. 

On the basis of the above •. the weignts of sam.ple,s cOllei:€'ed 
, , 

, t ' 
,by eac;h ~f ,the ,sediment Arap ,assemblles should di,splay th'e fol1ow-

tng tre.oda: 

(Î) Weights of total samples and of indivisual size 

fractions should decrease from the bottom trap to 

the middle trap to the top trap. 

(2) The ratio.of wei3ht of a given size fraction cbllected 

ln a trap to the weight of the Bame size fraction in 

the underlyiog trap should increase for prog~essively 

" . 
finer grain size fra'ctions. 

lt i8 obvious from Table A that the resblts do not uniformly 

follow the th~oretic81 trends. tn two of the five 8ssemblies the 

weights of the total samples collecteo in the bottem traps are 

lees th,an,'the weights of the .total,sam'ples collected in the mid-

dia traps. In four' of the five assembli,es weights of individual 

size fractions collected in overlying tuaps are greater than the 

weights of the same size fractions collect~d in u~derlying ~r8ps. 

-
These inversions are greatest for the fioer grain Bizes and be-
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l . , ,. {.H 
TABLE A SEDIMENT TRAP 24-1 i, 0 Bot. Mid. Top 

( WEIGHTS IN GRAMS OF SAMPLE_ Mid Pt. Trap Trap ~ } 
COLLECTED BY EACH SEDIMENT -1.75 O. Dl, ! , 
TRAP IN HALF PHI GRAIN -1.25 0.:21 < 0.01 j -

1 
' , 

" S IZE INTERVALS AND lN -0.75 1. 12 0.01 0.01 
1 TOTAL SAMPLE -0.25 5.50 0.11 0.02 : 

" 
0.25 8.38 0.20 0.05 1 • 1 < Sa.p1e weight in ove ri ying trap 0.75 6.60 0.23 0.09 

1 i5 anomalous1y g re a te r than 1. 25 5.41 '0.48 0.20 
sample weight in unde rlying ,1. 75 2. 71 0.65 0.38 , tra'p. 2.25 1. 98 1. 19 0.93 

2.75 1. 25 1. 21 1. 05 
NOTE: Tra;> openings 6" x'2" 3.25 0.40 0.40 0.39 

r~ (15.2 x 5.0 cm) 3.75 0.08 0.02 <'0.05 
,_1 

Tota 1 33.87 4.64 3.34 " 
~ SEO IMENT TRAf 7'5' SEDIMENT TRAP 24-2 • r. 
~ tJ Bot. Mid. Top , 0 Bot. Mid. Top 

.' Mid Pt. Trap Trap Trap Mid Pt. Trap ~ :r rap 
. r: -2.25 <0.01 -2.25 0.17 . 

~ 
\:.;) -1.75 0.70 0.10 0.06 -1.75 0.43 0.01 -

~ '~ 
-+1.25 3.61 0.32 .( 0 . 41 -1. 25 2.09 0.08 ;, , 

" .... 0.75 6.~9 2.11 1. 30 -0.75 10.37 0.29 O. (0 
" '41' 

-0.25 9.10 4.00 -2.50 -0.25 33.49 0.99 0.23 
.. 1 0.25 7.39 5.66 3.89 0.25 34.12 2.09 0.60 
î 0 .0.75 5.39 <-6.10 4.63 0.75 20.95 2.83 0.96 

l. 25 5.15 < 7.39 6.48 1. 25 16.00 5.10 2.03 
1.75 2.44 ,(,4.09 3.97 1. 7 5 10.38 5.90 3.21 
2.25 1. 20 <'2.05 <2.19 ~. 25 11.21 8.40 5.70 
2.75 0.40 <0.80 < 0.93 2.75 9.79 8.20 6.54 
3.25 0.15 <'0.39 <0.55 3.25 3.18 2:91 2.50 
3.15 0.05 <. 0.15 <0.19 3.75 0.23 0.20, 0.20 

( Total 42. 25 33.47 27:-S0 Total 153. Il 37.64 22.69 l 

~' 
35 24-3 • SEDIMENT TRAP SEDIMENT TRAP 

0 Bot. Mid. Top 0 Bot. Mid. Top 
Mid Pt. .!.5!œ. ~ Trap Mid Pt . Trap Trap Trap . 

-1.75 0.01 <0.02 -0.01 ...:1.75 0.01 0.01 
-1.25 0.07 0.03 0.01 -1. 25 0.08 <: 0.13 0.03 
-0 .. 75 0.09 0.02 0.02 -0.75 0.40 < 0.54 0.20 

,. 
-0.25 0.16 O.lû 0.05 -0.25 '1.30 < 2.03 0.90 
0.25 0.20 b .19 0.06 0.25 2.00 <3.61 1. 75 
0.75 0.29 <0.30 0.10 0.75 1. 80 <3.83 2. 12 ~ 

1 
1.25 0.72 < 1. 01 0.30 1. 25 2.21 <5.39 3.78 
1.15 2.10 < 3.00 0.95 1.75 2.15 <5.69 4.40 
2.25 6.51 < 8,29 3.31 2.25 3.08 <.7.30 6.23 

f 2.75 9.30 <-12.40 6.07 2.75 3.21 <6.50 6'.21 
II. 

1 
3.25 6.81 <8.65 5.20 3.25- 1. 13 <1.99 < 2.00 
3.75 1. 78 1. 55 1. 51 3.75 0.'08 , ~O. 17 0.15 

Total .29.85 <37.64 19.84 Total 17.60 <37.55 28".16 

(-
o q 
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tween bottom and middle traps. Aiso note that ~f there is an 

inversion in a given size fraction, other than the coarsest, 

the results of aIl finer size fractions 'are a1so inverted. 
. 

The discrepancies ~ith th~ory àre probabiy a result of the l 
trap assemblies modifying the f1uid-flow. The trap assembiles 

may be considered as a semi-permeable barrier to the flow, the J 

) mesh of the collecting baga slowing and interfering with the flow 

through the traps. The streamlines of the non-random, non-tur-

bulent component of the flow were partially deflected around and ! 
j 

over the trap assemblies rather than being parallel to the bottom. 

This introduction of a non-random upward vector to the fluid 

f10w in front of the traps upset the random turbulence,pattern on 

which suspended suspended sediment transport theory is based. 

'The grain size fraction~ most affected by the deviation in f10w 

are those in suspended transport following the turbulent.flo~. 

Little or no effect should b~ ~pecte9 on grain size fractions 

in 'bed load transport ex.cept where underscourlng of the trap 

occurred apd little or no bed load material was collected (as in' 

sediment trap 35). Therefore, the data from the traps different-

iating the grain Biz~B in bed load transport from those.in sus-

pepded load ·transport rem,ain valid but data concerning the ra te s 

of trapping. or transport a-re suspect. 

The occurrence in sediment trap 24-3 of inversion of the 

expected concentration gradient throug~ virtually aIl collected 

size fractions and not Just in the suspended size fractions is 

pos~ibly s result of l~ developed by dominant'oscillatory wave 

currents st the~time of sampling. 

, _, ___ ...... _w~ ________ ·, 
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For the reasons stated above, a/nd ~ince the res1J.lts of on1y 

elevèn temporally and spatially scaJtered sediDlant trap assemb1ies 

are- avaiJàble .. 110 detailed analystsjof va'riations and average sed-

1 iment transport rates in Watering Blay are attempted. The results 

however, are presented in Table B Js data to be' considered in 
1 

designing possible future stud(es: 1 
j 
( 

The rates of ~rap~ing, which 

vary from approximately 15 ta 337 ~m per 25 hour tidal cycle in 
i . 

a 6 inch cross-section from 0 ta 21 inches a,bove the bottam are 

minimum estimates of the rates of ~ediment transport by unre-

stricted flDw., 
, 1 <' • 

Rather than being part of a larger program, future 
1 

studies should be specialized and ray more attention to the design 

of trap. -having a minimal i~f1UenCr on fluid flov and to a more 

soystematic and representative samPi1ing program ~ith respect ta 
1 
1 

variations in wind and se.a states,! tidaI phases and seasons, 
1 
1 

They should also include observattonsaf standing crop and sedi-
• 1 . 

ment production rates at 

and patch reefs in arder 

selected Itest sites on the b~rrie.r reef 

to compa~e these rate~'with the trans-
i ~ 

port rates. On the basis of grossi observstions it i9 thought 
1 

that in Watering Bay, seaward of uhe'shoreward Thalassia'beds', . . , 

total sediment production and totJl sediment transport 
- 1 

are equal, 

i 
1 the bay being in hydrod,ynamic equ~ librium. 

1 
• 1 

Sùmmary and Discussion of Se~iment Trap Results 
1 

In general the grain size d~stributions' of the samples col
I 
1 

Jec~ed by the sediment traps .are( si.gnl.l~icB~llt ln that Jthey, i-

correlate with grain size ranges defrned by maximum calculated 

1 
shear and shear velocity-grain 91ze competence curves. Alaa 

1 

1 

1 

) 
. 
i 
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t 
TABLE B RATES OF SEDIME.NT TRAPPING 

Time in 
0 

(a, b, Rates c) Between Given Elevati~ns 
Sediment Place 

1 
Trae 
24-1 

!min~ 
227 

26/4/68 (1) 
1 24-2 247 

(2) 
24-3 68 

(3) 
* 33 3000 

6/8/67 (4) : 

* 34 3000 
,'6/8/67 (4) 

* 35 3000 
14/4/68 

* 61 3000 
11/4/68 

* 71. 15QO 
5/8/67 ( 5) 

* 72 1500 
5/8/67 (5) 

73 1500 
5/8/67 ( 5) 

75 1500 
10/4/68 

'0-2" 
0-5 cm 

(a) 8.95 
(b ) 13.11 
(a) 37.19 
( b) 40.47 
(a) 15.58 

(a) 1. 65 
(b) 4.85 
(c) 41.23 
(a) 13.A6 
(b) 39.61 
(c) 336.62 
(a) 0.60 
(b) , 1. 76 
(c) 14.93 
(a) 2.62 
Cb) 7.71 
(c) 65.51 
(a) 4.00 
(b) Il. 71 
( c) 100.05 
(a) 8.7"0 
(b) 25.58 
(c) 217.47 , 

3.8.2 (a) 
(h) 11. 23 
( c) 95.49 
(a) 1. 69 
(h) 4.97 
(c) 42.26 

2-4" 3-5" 
5~10 em 7.6-12.7em 
1. 23 
1. 80 
9.14 
9.95 

33.23 

0.75 
2.22 • 

18.82 
1. 8 7 
5'.49 

46.70 

1.34 
3.94 

33.47 

0.64 
1. 91 

16.20 
11. 3 2 
33.29 

282.97, 

4.09 
12.0~ 

102.30 
5.il 

'15. 04 
127.81 

1.20 
3.52 

29.95 

l; 

4,--6" 
10-15 cm 

0.88 
)..68 

, 5'.51 
6~00 

24.92 

0.40 
1.11 ' 
9.'92 
1'.28 
3.77 

32.05 

1.10 
3.24 

27.50 

* 
Strong effe~t of long"period waves from a northerly direction. 
'rraps ti1ted or underscoured at timë' of retrieval. 
oni y trap measuring tr~nsport towards the south. (1) 

(2) 
(3 ) 
(4 ) 

('5 ) 

(a) 
Ch) 

(c) 

Waxing currènt - full range of ve10cities to north. 
',Waning current - full range of velocit:ies ,to north. 
In place ato same time - time period includes hal! hour wit;h 

strong wind and whitecaps in Watering Bay. 
In p'lâce at samè time - no unusual conditions. 

Average rate of trapping ove~ time in place (gm/hr). 
Average rate of trapping during effective transport (gm/hr). 

- calculated on basis of' 8.5 houl:s effec tive transpdrt 
per 25 hour tidal cycle. 

,Amount trapped during one tidal cycle (gm/25 hr). 

('L-..l,~-... ",""·"'· .. ,..tl t,("'-" 

.~ ~ '~', "~:. ,"~~J~'~~'~~_~!~~~'; ~ l'f ',;" 
" , 
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there app'est: to be 'f,airly consistent relationships -between the 

grain size distributions of the bed materia1s, hydrodynamic 

parameters and maximum shear ve1ocities. 

However, the sediment'traps interfered with f1uid f10w and '" 

col1ected less sediment than the amount transported by unrestric-

ted flow. Therefore sediment trapping rates cannot be used to 

estimate transport ~ates con~idently. 

Specifie observations relattng ve1oc,ity and bottom shear of 

the tidal currents, the competence curves and grain size di~tri-

butions of trapped samples and of ~ed sample~ are: 

. (1) Roughness 1engths, extorapolated ftom measured current 

ve10city profiles are of the order 0.4 to 2.4 cm. ,These values 

'arè equivalent to grain size diameters within the first half phi 

s i ze i n ter val c <> s r se r t han the C 0 ars est g rai n sin the mai n m 0 d e '\ 

of, hed sample grain size distributions. A comparable - range of 

roughness lengths (0.1 to 1.'8 cm) is' reported by lnman (p. 122, \ 

in Shepard, 1963) ôn ,the basis of data from several sources. NO-. 

information was given concerni!lg grain size dist:ribution or 

bQttom roughness elements. Sternberg (1968) calculated roughnes.s 

1engths for approximately 140 measured velocity gradients' in 

hydrodyn.smically rough flow over li wide variety of bottom types 

in tidal channèls off the state of Washington. Grouping a11 the 

" 
data, he derived a mean roughness length value of 0.01 cm and 

95% confid~nce limits of 1.06 and 0.0006 c •. No correlation wBs 

observed between roughness lengths, and the bed roughness elements 

or grain sizes. Mean gr9in sizes during Sternberg's (1968) study 

, < 

r , 
" 
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varied' from 4..02 to -0.12 phi' and boundary roughness in the 

form of gravel or ripples varied from heights of 2 to 10 cm. 
, .. 

Ste,rnberg' s (1968) 'mean val~e of t'oug'hness 1ength was con-

.siderably less than the values obtained ,in this study.' Ho-wever, 

use of his value (Zo = 0.07 cm) with the,Carriacou ve10city data 
o 

leads to shear ve10citiés incapable of transporting the sediments 

tha:t were observed to \be in tr~n'\1Port_. 

(2) 
l, 'i i J 

'CalcuLated maximum shear,v~locities resulting from ttdal 
- 1 

i 

currents near sp~ing, tides. at thr'ee -.l\ocati~ns in WateFing Bay 

! 1 

varied from 2' .. 5,to 7.0" cm/sec. Adding, a correction ,facto~ for 

-WBve action at one locat~on (24) 'produces a range of maximum 
, , - \' 

shear,vel~cities from, 4,.0 to 7.0 cm!Slc. 

(3), A gr.ain size separating beq load from '·suspended~ load . , , 

can be selected on 'the basis of tl).e gjain siz~ distributions o'f 

sedimedt colletted in si'!diment t;raps" t' different heights above 

bottom .. Vsing 'this gra~n size' -and ,t;hJ ~hear' veloci'ty-grain, size 
• i' 

competence curves a shear velO~i~Y mar be derlved whi~h corres-

pond s' c lOBe 1 y -wi th the mea su red maxi~i1m ahe'a r. ve 10(: i tie s as 
• 1 

fOlloW$: 

(a) 

(-b) 

1. 

Sedi!\1eo't :trap 35, mé.asur~d' [8Xirn'Um shear velocity 

4.0 cm/sec ver_S4S 3.7 c~/selc froln grain sizes and 
1 

competence curves." 1 

Se d imen t ,tl' ap 75, '5~e,a su ~e.d llJla~~mu~" èche àr ve loc i t Y 

7.0 c,rn/sec; versus 6:4, cm/j~'c from grain' sizes- and 

èqmpétence cU,ry~.s. 
, . 

, .. 
" . ... ' 

, ' 

f , 
1 
! 
l, 

l 
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.< c) 
, ' .. 

Sedim-en,t .tr'ap 24~ measu~ed ma,ximum shear V:~J...ocit:i.es of 
<'J 

1 . 
" 2 • 4 7 Ç.c urt e nt) + 2. 3 3 

, ~ 

(wavès) :;4.80, versus 4':25 from 
'.~ 

. gràtn slze:~ and competence curv~s. . 
1- ... 

(4) Also o.n.~he_ basis'of ·the eo~petence "c.urves, the 'maxilnU~ 
. ')' , " ' .' 

'i • ~ ..1 ~,,'" -- 1) 

grain .s1.zes transpor,tab~e ion b.ed lbad by the 'above shear' ve"loc-' 
< , 

.,). ities' correspond closeiy to the maximum grai-n !Hzes col~ected in" 
Q 

'" 

" . 

...- ... -~- .... -_.-

" the bottom traps st the sediment surface. 
./' 

• <te " (5) Ont h e bas i s 0 f 0 n e 0 b se r vat ion a t· 1 0 ca t ion 3 5 • 1: h e 
$ • ' 

representative' grain· size, with t::espect to the competenc'e curves 
• ( • 1 \3- • r 

. . • . J. 
and thr~shold of movement, - i9 the 28th percentile o,f the beA mat~ 

erial grain size distribution. This ia in keeping with the the~ry 

that the repre'Sentàtive -grain sïzè should vary from the. m'~a_n'grain 
" 

size for very weIl sorte'd bed mater·ials towards the coarse tail 
',' 

for poorly sorted bea materials. 

The grain size bO}lndaty be.twee~ ,bed and suspended.loads 

(from 3 above) corresponds to, a na·rrow rànge of percentiles of 

the,bed material grain size distributions as follows: 
u 

(a) Sediment trap ~5: '65th perce~tile (based 6n susp~nded 
grain size and maximum calculated shear velocity). 

(b) Sediment trap 75": . 72nd it{bàsed'_$In suspended gra,i,n size) 
~nd 67th percenttle (basea ~n maximum sbear velocity). 

(c) Sed.iÎl\ent "trap 24: 69th artd 7.2.:d (bJ:ed ~n 'SrUspen~ed 
grai~.ai~~)J 50th and 66~h (b~sed on maxi~~~ shear 

- velocity); and Sls.t and' 62nd (based on maximum gràin· 
silie in' bottom trBp'). Above pairs of percentiles are 
for ripple crest and ripple' trough 'samples respe-ctively. 

~ • ~ ~ , it 

The' average boundary ~e'r~enil1e ia the 64th percentile • . ' 
III 
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BE.J) MATERIAL 'GRAIN, SIZE DISTRIBUTIONS AND 
- SEDIMENT TRANSPOaT IN WAT~RING BAY 

For '.the three se,dime,nt ,traps discùssèd in detail above, the 

grain: size separàting bed load from suspénsion loaq transport 
~. t>, l. ,~' • 

q ran~ed fr-;'in the 50th to the 72nd percen.tile (avers,ge 64th par
., \ 

. ce.ntiie) of the beeJ 1ll,aterial gr~.~n size distributions. 'tn order 

to evalu.8te whether this wss generaJly true in Wat,ering Bay, the 

grain size histograms of aIl anslized secliment trap, and corres

p6nding bed samples are plotted in Figure 36 and Xhe 64th percent-

{ t'les of the bed sarnple gra,fn 'size distributi~ns indicated as the

boun'dary between ,bed and s.usp~nded load. 

Plotting" the a,bove grain size bounda,ry on the competence 

curve for 'tjtnsp'ort in suspension (Fig. 16) defines a shear ve'l-
'" o 

ocity which allows definition, on the competence' cur~e for trans .... 

, 
p~rt in traction, Qf th~maximum grain size in'bed load transp~rt. , ~ 

",', - These values are" also indicated in Figure 36 to define 8 bed load 
"1,-, - , 

4, 

"~ ,~ rai n s i z e ra n g e • 

Of,the elev~n sedimen~ traps at nine loc~tions, ooly four 
, 

(st lo-cations 24 and 75) colillect:ed 'a ;smple which ca~ be rel,ated 
t' • 0 .. 

\ \ 

ta the bed load~ These were discussed' in detal~ abQve. The 1'e-
, t 

--maining ,assemblies, excepting those st locat'ions 72 and 13., were 

tilted or unqerscoured, andosampled the suspended l~sds on1y. 

On the basis of the 
}' ,. J 

suspended load gr.ain size ~l1stributi.ons 

.{col1ected in the middle and top· trl~ps) ,a"'n4; the m~xlmuln grain 

si~es pre'sent ,on the 'surface, the' USe of the 64th percentil~s 

of .th,e surface sample 'gr~in slZ~" distributions as the gra.1n .size 
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SEDIMENT TRAPS 

, " 

WATERING BAY·-

'34 
.(3.35) 

--~=--""33 
(3.05) -35 

( 3.35-) 

('61) 

1-

2 

~. J&-I - 1 S , (71) 1 

• 1 • 

,. 

72 

'i'~'JlL'I: -~ 1 

.. , l'~ "ill:' ~lo;~I',! in, : ~ , 
• -; ". (3,96) ~2L 

00 l '0 71 12"~~' ~ 

. • ': S' t 1 -
• ,- nDINE,.T rR'p LOCATION A 

· .(2.74) l' t 
1 (427)(3JK.3) 7 • ri i 

r i 1 1 3 TOP TRAP SAM~LE 

.61 ·1.0CATION NUNat .. • 1 

75 'fr • 1 .z MIOOLt: TRA~ &AMPLE 
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r 

boundary between suspended and bed 'lol1d 't,ransport appears to 

~ 

, The t;: ra p. a s sem b li e s a t 1 0 e a t ions 7 2 a 0 d 73 w e r e no t t i 1 te cl 

or u ~ der s C (j tl re d .. At location 72 the use of the 64th percentile 

as the susp~nded/bed load transport grain size b?undary'is con~ 

sisteot with the grain size distributions of the surface sample 
-,'\ - , 

and of the upper trap ~ample. N? explanation ~an be\made as to 

why the bottolll tl."ap sample did no't consist mainly of grain osizes' 

in the interpreted bed load range since these grain aizes were 

v 
a~i1able 00 the bottom. 
~ . The grain s,ize distribution of the 

bottom trap sample 18 ~imllar to that of the upper.trap sample 

except for B larger coarse tail. 

At location 73 the 64th peTcentlle.of ~he bed matérial grain 

siie di8tribut~on corresP9ncls to the mode of the upper trap 

sample at 1.75 phL. On the basis of the trap ~ampl~ grain size 

'\ 

d ,1.5 t ri bu t i~ns à' bound a r y be twee n su s p~ nde d an,d be/f' load gr a i n 

sizes 1-5 s'e'lected--at ,approximat;ely 0.7,5 ,phi. which ia tlie 37th 

perc-entile o~ ,the bed material grai~ ',git~ distribution. Location 

73 was within 100 fe-et (30 m) of the ~ack edgé of the reef crest 
, ' 

where the botto,m was more affected by ~aves thao by cùrrents. 'The 

bottom was symmetri,cally dpp~è-~"par'aÙel to the ree{ crest. -but 

weak curreots an'd curre-nt lineations paralléL to th~ crest were 

observed, The',sediment trap wa's ernplaced facing southwards into 

the 'current. The relative 8.c~rc,ity, of bed l~ad grain sizes com-

pared to suspend~~ laad grain slzes in the bottom trap may be 8 

similar effect ta ~hat obset'ved in sediment trap aasemblx 24-3 

where wave tr~nsport was dominant ~d~o. 

\ ' 
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~ 
Excluding 'the results at location 73, the use of the 64th 

percentiles (rsnging from 0.22 ta 1.42 0) of bed material grain 

size distributions 'at eight widely separated locations of vary-
'. 

ing depth (10 to 26 feet.) as th~ bQundary between suspended and 

., e d " 1 0 a cl g rai n s i z e sis con sis te n t w i t h the g rai n s fa e dis ~t r i -

butions of sediment ttap samples st, those locations (Fig. 36). 

On the hasis of the sedimQnt trap and current measurement 
'iJ 

" 

results, it ls suggested that in areas affected by tidal currents 

in Watering Bay current veloc~ties'm~y be derived rrom--t-rre--grain 

si"ze distrib~ion of the bed material, the known wster depth, 

the competence curves -ànd the von Karmen-prandtl equation. 

The boundary between bed ~,oad and suspended load ttansport 

is derived from the 64th percentile of the bed mater1al grain 

aize distribut.i:l'n, This value ia entèred into the'competence 

curve graph (Fig. 16) ta der'ive a sh.ear veloc'ity (u*) wnich ia 

equivalent ta the maximum shea~ velOCibY affecting the bottom 

during a, spring tidal cycle. Roughne SB leng th (zo) ,1 s se t e'qua 1 

" 
ta the mid-point of th~ half phi grain size int~rval coarser th an 

~ 

the coarsest grains ip thè bed material s~mple. These values are 

substituted in the von ·Karma-prandtl equation: 

., 
u = 

ta obtain the mean average current velocity (ü) st any height 

(z) above bottom. 

Th~ ",!ibove proceduJ;'e was ueed for aIl samples in, Waterlng Biiy 

. and outei·de the reef to give estimates of maxi,mum current veloc-

liUes during spring tides at a depth of five feet. A- deptb' of 

" " 
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five feet was chosen because actuàl current measurements in more 

locations were mad-el at that depth than at any, o-ther dept~ durlng 

this study and can be compared to the calculated velocities. , , 

Me~sureJ-~nd calculated values are presented in table form in 

Appendix III and in map forro. in Figure 37. 

Figure 31a ia'an index map of bathymetry and locations of 

-aIl samples in the Watering Bay areà. The sixty-fourth percent-

.iles of their bed sample grain'si~e distributions are mapped in 

Figure 37b. Not surprisingly the map pattern is similar to that 

for me an g rai n s i z e ( Fig. 10 a). Co ars est val u e soc c u r 0 u t s ide t. h e 

reef, in the immediate baëk reef and 'in the channel north of, Point 

St. Hilaire. Finest values occur in the shoreward Thalassia bede 

snd ln qeeper water north of the bay. 

The map pattern of interpreted shear velocities ;ln Figure 

37ç i8 similar; high shear velocities corresponding to the 

coarser 64th percentile values and low shear velocities corres-

ponding to fine~ values. ~ 

The m~p pattern of calculafed maximum current speeds At 

5 - f-e e t ,d e p th i n Fig ure 3 7 dis il s 0 /si ID i 1 are xc e p t for a de cre a se 
;"_. __ ./ 

in values from the central bliY to. the back-reef. Tl'l.i sis because, 

in th~ shallower wate~ ct~pth8 of the Immediate back-reef, lower 

flow velocitfes ar~ ~eqpired t~ develop a given sheat velocity. 

Figure 37d may be used as a èheck on the accuracy of the 

"1 -
method by considerlng volumes of flow, bathym,e~ry anf th,e mapped 

flow pattern and by compar~ng actual curren~ sp~ed mea~urement~ 

with tho8ecalculated st the site of the .nearest bed ssmple. 
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rf a given constant volume of water moves north or south-

n wards through Watering Bay t~en the flow -spe~d shoudd inctease 

where "the east-west sectional area of the ~ater in the bay de-

c;-eases and decrease where the east-west sectional area of. the 

watér increases. Changes in,the sectional srea result from 

var i a t ion sin the,,~ i d t han d d e p t h 0,. f the b<a y . The big h est 

c u r r e nt' s pee d s are ma pp e d t 0 the e a' S' tan d jus t; ~ 0 r ~ h 0 f Po 1 n t St. 

Hilaire at the southern end of the bay, where the constriction 
, 

between the barrier reef and l~d i8 greatest. The constriction 

i8 so great that the east-west sec~ionsl area has been enlarged 

by scouriig and maintainance of a chanri~l. In the central pb~t 

of the bay, where constriction pf flow is lesst, the velocity of 

flow Is least. To the n?r~h the flow ia aga!n const;ricted between 
\ 

the barrier reef and the shoreward patch reefs' resulting i'n flow 

sp~eds greac~r than chose in the central part of the bay. T~e 

high sp~eds contfnue northward for a short distance beyond the 

cO,nstriction until w8~er dépth increaS'es and velocity decresses 

. correspondingly. ,At the. north end of the mapt -flow speed increases 

again, joining the more rapid' flow~ outside th'e reef. "Shad~w 
)1' • 

zqnes" of low speed flo~,exlst immediately north o·f the barrier 

reef-and' che shoreward ,patch reefs. The mapped variations in 

i " flow speed (Fig. 37d) il re reasonable and expected asèumlng constant 

volume of flow through a varYing cross-sectional ares. 

Rough estimates of average east-west sectional areaa and 
• 

average northward flow epee,da lead ·to 8 flow rate of L,5
0 

to 1.8 

'x 103 m3 /sée through a given section. The -volume of Watering .Bay ~ 
. ',~ - .-

1a approximately 8.8 x 10 6 "'nT3~ Theref,?re t dU1."ing northward tidal 

, ' , 
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f10w the residence time of water in Watering Bay is 82 to 98 

minutes or roughly 1.5 hours. Therefore, as stated above, it is 

un1ikely that partic1es put into suspension in Watering Bay came 

to rest, but are f1ushed into deeper wa,ter within one tida1 

cycle. 

The ca1cu1ated f10w ve10cities are interpret~d to represent 

maximum flow ve10city affecting the bottom. Therefore, they will 

be 'compared on1y with maximum ve10cities measured near or at 

spring tide. The ei-ght such measurements (Fig. 37d) are'listed· 

below and compared with the c~lcu1ated velocities at the nearest 

bed sample locations which are in comparablé positions relative 

4i' 
to channe1s, ree f, ~tc. 

MEASURED NEAREST CALCULATED DIFFEREN CE DIFFERENCE 
VEL. SAMPLE LOC. VEL. (cll\/sec) (%) 

~ cml secl. (Distance~ .{cm/ sec 2 " 

32 .27 (310m) 36 +4 +12.5 

7 1 29 (260m) 77 +6 + 8.4 

60 23 ( 70m) 66 +6 +10.0 
'-

41 24 ( Om) 73 +32 +78.0 

39 31 (I80m) 35 -4 -10.3 

165 25 (l90m) 115 -50 -30.3 

51 35 ( Om) 51 0 0 

105 59 ( 40m) 107 +2 + 1'.9 

The speeds interpreted and ca1culated from the grain size 

distributions of the bed samples differ from the m~asured sp~ed8 

by +78.0% ta -30.3%' (average:!: 18.9%). Ig.noring the speed and 

sample st location 24, where detai1ed ana1ysi8 above demonstrated 
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a strong wav,e effect, and the speed and sample (25) outside the 

reef, the range of differences i9 +12.5% to -10.31. (average +7.1%)'. 

Theref6re, 'not only is the mapped pattern of caleulated flow 

speeds reasonable on the basis of bathymetry and,flow restriction, 

but the actual calculated values in Watering Bay are a close 

approximation of the measured flow speeds except where there ,is 

a strong wave influence. In Watering Bay the grain size dist~i-

butions of bed samples may be used in conjunction with the com-

petence curve a~d the von Karman~Prandtl equation toestimate the 

maximum shear velocity and .flow speed 'affecting the bottom. 

While the map of maximum current speeds (Fig. 37d) serves 

to delineate the pattern of water flow in Watering Bay, the map 

of'-shear velocities (Fig. 37c) serves to delineate sediment trans':: 

port and possible depositional patterns, since shear velocity, 

is a measure of bottom shear stress and sediment transport com-

petenc& of the current~ •. 

. Not surprisingly.the lowest· shear velocities (1.0 cm/sec -

no transport) were obtained' for, ~amp,les 48 and 66 in the shoreward 

Thala6sia beds where currents were obseryed to be weak and 

Tbalassia pr"otebted the bottom. However, the technique employed 

above to arrive at shear velocity values assumes equilibr~um of ~ 

the bottom sedimént grain size distribution with the current flow. 

This is no~ necessarily so ln an area where the eurrents are too 

weak to move any bot;.tol'1l sedi ment. In a carbonate sedimènt area, 

locall Y,hlghl y productive organlsms' such as Halimeda or gastro

pods maLAe'l.elop a bottom deposit "much coarser than wOllld be 

e~,pected from the hydrodynamic reglme. In poar'tieular this might 

be the case' for sample 67 from a ThaTassia bed in whlch currents 
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could have little effect on bottdm. 
: The grain aize distribut-

l " 
ion of the aample however~ l~,ads lto the Interpretation of'a 

c u r r e n tac tin g w i th a a h,e a r ve l 0 cj i t Y 0 f 3. 5 c m / a e c . The r e for e 
1 -

interpreted 'shear, velocities incapable' of mov!ng any aèd;Lment 

(u*,( 1.8cm/sec) do indicate no se~iment transport, but cannot 
1 

be used to calculate a flow velocity. ,AIso, interpreted shear 

\ 
velocities capable of moving, fine \and medium sa~~, (u*=1.8-2.2) 

\ , 

should be ~uspect unless there Is ~orroborating sedim~ntary 

structural or'other evidence of se~iment transport, since they' 
. ! 

may be a result of in ~ growtb ~nd breakdown of organis.ms .. 
1 

Another pro~lem with the shoreward Thalassia bed samples 
\ 

i8 the occurrence of 'b1owouts' whe;r'e storm'waves have stripped 

i 
away the Thalassia coyer and rèmove~ finer grain sizes. The 

1 
1 

grain size distributions of the bottom sample truly reflects a 
J 

hydrodynamic regime stronger than Ir usually associated with 
, 1 

... Thalassi,a beds, but it ia a wave re,im'e. Samp le 57 

i 
was taken from the floor of a blowout. If blowouts mlgrate 

! ,-
the entire deposit underlying a Tha1assia bed may be reworked. 

1 

The t'e sul tin g c 0 ars e g t'a 1 n s i ze dis d r 1 b ,u t Ion wIll no t bel n die -
j 

ative of the deposit' 8 origin in a ~hala&sia bed (Patriquin, 

1973). 

The only other samp1,s to Indi~ate 
t 
\ 

les 7 and 8 (u*= i. 5 cm/sec) WhiC~ wbre 

depth of 38 feet ln a trough be~~ee~ the 
i 

crest and a sea~ard ree~ ridge r sin~ to 

non-transport were samp-

collected from a watér 

Dorthexn fringing r~éf 

a depth of 30 feet. 

The se s amp le BJ te 8 we re p ra te~.te 

in a 16cal depositional area. 

frpm aIl d~rection8 and lie 

," 

, , 
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'" "\ -
rn Wat~ring BJY, Just beyond the line of shoreward patch 

reefs, the pattern of interpreted shear velocities in Figure ." 

37c shows a 'stream' ~f high s~diment tiansport competen~e 

extendipg from Point St. Hilaire to the north end of the bay. 

along this trend 1e 5.3 cm/sec Lowest shear vel~city value 
, 

wbich theo1;'etically is capable of transporting grains up to 
, , 

-1.-80 (3.3 mm) in diameter (granules). Seaward, within the 

main part of the bay the interpreted snear velocities are between 

3.0 and 4.3 cm/sec (capabl~ of trartsporting very coarse sand). In 

the northern p~rt of t'he bay ehear velocities 'are between "4.3 

and 6.,3 ~m/sec (capable of transporting'·granules). 

SUMMARY AND MODEL O~ SEDIMENT TRANSPORT 
~ND DEPOSITJON IN WAT~RING SAY 

Sediment transpotF' and deposition in Watering Bay is domin-

ated by unequal rèver'sing tidal curre~ts. Waves ncrmally affect 

bottom only immediately behind the barrier reef and in shoreward 

sha1low water ateas. 

Observed normal w.atber waves in the bay bad average periods 

of 2"to 2.5 seco.nds and estimated heights of 1 to~1.5 feet (0.3 

to 0.46 m). Occasional1y l60ger, higher wave sets are observed 

to enter the ba,Y from' the north. These waves are p'robbbly north-

easte~ly ocean swell.which has been attenuated by small Islands 

and banks to the northeast. 

Semi-diurnal tides are dominant and the tida1 range is 

approxi~ate1y 1.5 feet (0.46 m) between high htgh water and low 

10w w a ter 1 e ve 1 s . Maximum tidaI current f10w to the south is at 

,~---------"- " 
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or near low water and to the north fa at or nsar high water. 

Current velocities are greatest near springctJdes and leaât nea'r , , 
{) 

neap tides. Within WBtering Bay current velocities decrease from 

the centre of the bay towards the shore and towards the barrier 

ree f. A variable non-reversing north flowing turrent causes the 

north flowing currents in the- bay to be faater and of longer dur ... 

ation than south flowing currents. When tidal currénts are weak, 
1 • 

aroOnd neap tide, there may not'he a period of flov towards ~he 

south. 

During times of flo~ towards the north wate~ enters the bay 

over the reef and,throug~ the channel off Point St. Hilaire at . \ , 

the south end of the bay. ~he flow accelecate~ towards the north 
", 

and passes o~t of the bay throu~h the open north end ~here it joins 
" , " ,. 

the strong westward flow between C8friacou Island and Union Island 

(4 mil •• nnTth). Ob'otved CUTTent f~ ',n W.teTI~g ~.; Is tUTb.U

lent (Reynolds No. ') 600) and tranquil l~e No. < 1). 
"'-

Cloth JleSh sedimen~ traps. stack~d above ~~nothér on the 

bottom; were used ta semple grain 8~ité aistributio~ of sediment 

• in bed load and suspension transport. Current measuremen at 

or neax three of the sediment tr~p8. were used to calculate shea 

velocities. The grain size distributions -of the ,samples collected 

in·-the sediment traps correlste weIl with grain size ranges de .... 

fined by maximum calculated shear velocities ~nd the.shear veloc-

ity - grain size competen~e curves for unidirectional flow. ~lso 

there are fairly consistent ~elationshipa between the grain size 
"-

distributions of surface sediment samples, .hydrodynamic parameters 
, 

and maximum shear velociti~8 . 

\ 
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From the~results of the t ree sediment 'trap expeliirrtents f'or 
, .' 

which there were current 'measu éments, and 'compatible with the . , . 
results of, six other sediment rap expfi!riments for which there 

were no current measurements, h,è import'ant relation,ships are: 

( 1 ) R'o u g h ne s sIe n ~ t h s are qui Val e n t t 0- g rai ~ s i zoe dia -

• 

. (2) 

-, 

meters withln the fi st ~alf,phl grain size intervsl 

'coarser than the se st grains in the main grain 

SiZ~ mode of the ace sediment samples. 

Graih size boundarie' I;>etween· tractio.n and suspended 

lo.d ~Tan~port c.~ b defined by the gr::" .ize distri-

butlon~ of.l.the trapp d samples and by flàing the calcu

\ ' 

lated'maximum sh~ar velocities, and the competence 
• 

curve for su~pènded transport. The, boundaries' corres-

pond to ~ nar-row range, of percentiles of the correspond-
, \ 

in surface sediment sa~ple~ (59th to 69th percentiles; 
\ 

\ 
avera~e, 64~h percentile). 

l arel1S 'where sediment is' transported by curren' the 64th t 
' \' 

percen Ile of the grain.size distributi~ri of any surface sediment 
\ '.' " \ 

sample ~can be used' wfth\ the eompeten\e curve for t~ansport in 

suspe nded loali (re la tionshlp 2 b~vé), ... tr de fine a' maximum shea r 

velo~lty. A roùghness le~gth value crn b~ obtained èqual to the 

mid-point of the haU phi '.gre i.n te rva 1 coaree r than the 

sediment sample (re lati~hiP 1 

eloci~y (u*) and roughn~ss length 

coarse8t g~ains ~n the surfae 

above) . ~h~ valu s'of ehear 

( can be mbstl uted l~ the von Karman-prandtl equation, 

= ~ l,n Z + 'Zo 
u O;~4 Zo 

" 

• 1~ 

l, 
i 

\ 
l' 

" 
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to obt,ain the mesn a,veld'lge. ·.cutr~nt ,-velo'ci,t:y,:: .. ,(IJ.) at-any height 
'" , . 

" (z)· above bottom1• J:f the "water depth (h)' i~ ki\owo',' the ve'lQc·i-. 
, ' 

ties at an"y depth (h:-Z)' ,éan b-~ ,dete~mlned.·. 
Il - -

The 8)OV' procid~re 
'~ '" " 

semples {n,Watering "Bay. , 

'. ' 

'" ~ \ ~ " ~ 

SneS}: ve'lostty and ma)(~mufll curre.nt: veloci,ty ttt' .5 feet dep-th.,I" ' 
, ,. ' ,'. - .- , ' ,'. ':' ,', ' ":' . \ " ' ,"'" 

tguoring"samplEU3 ft'om areaS" atr.ongl,y·affe.cted' by wiaves and from .. - ,( , .~ . 
... 

. Thalàssi'a be4s, :th<:re su·1 ti'n~ !ilap pâ t t-e r~ $, of f lOl\! ,alie co,nSi~nt , 

,ft· • . 
with what would be expèeted' ,given the- flo~, volume!? and" ps'thl)lllle t'ry , . '. 

of Watering Bay. ilao, mak!~tlm velocities, ~a~culated by the 
, . ~ ,.. 

above prflcedure, 'di,ffe r f-t,o~ neâtby mes,s.ur,ed maximum ve loci t ie's, 

" , 
by only +12.5 ta -10.3%. The c~·1·cu18t'ed velociti€s ,are there,fore 

l ~ 'i, • 

( .. t ... 4 

cfose approx~mations of 'actl,i,a'l'Yelocit1e~ wnere th~ sediment 
f " ~ .. '.. 1 

is cQntro11ed by'~~rt~nt8. 
\ , l, , ., 

the ancie'nt técord thé abov~'proce<lures C'Otlld'cOn'ceival>ly 
fi" , " , . ' 

~ . ,~ . 
l>e' used·,~n rad asao,c;.'at'ed ,deposit;s, with p~i'niary sedi!Jlenta'ry 

',' stru'cturés 'indica,ting elle ,s.,:;tion ~f cU'n'ents, ~,a~o P8'l'e~-
.he"~ ve 1 tc' 1< Y ,wou Id il. Ù~eilte pa :te rn ~ o', .e'~;f\n t tusnspo,r t a~d' 
allow extr8pol~tiOn \:0 locate d~pàsitlo'nal sres (deeps.} and, 

- ~ ',,- l ,~ l " 

source areas (reefs).: ". .. -" J 

Waterlng Bay 1s essentially s sediment' ..:bypas8 ' ares except ' " \. ., 
.-' ' ... 

in 'the shoreward beaches~ ma.~grOve,8., _q;orew.srd Th .. a~assla b~~."~n~'. 

and patch' reefg . 

U\ll y lead to.filling'liJostof th, bay,to s,es 1evel.,·' 
1 

'Sedifllent supplied 'by the barr;(er reef~ 'to the bay are, in" 
. '1 ' , 

eq\lllib~iurtl wlth the (:u.r~ent8: '·,The grU.n 91z-e dîstribut10ps of 
~. .' , " , 

., " ' oJ •• • if " ~ :.' 

the bed 'materiàls securate'ly' reflect 'the sett!me,nt' t-ransp'ortecl in 
'y 

'; . 
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bed' load by the currents 'arrd are not .depoaited except temporar-

ily, , Onfy a. rise ln relativ'e sea levaI or increa8e in size of 
, . 

ma'te'ri'a 1 supp lied by the 
" ~ ~ ;- . 

barr~+~'reefs would tesult_in deposition 
, . 

"f { vin.mast 0 Wat.I!t'~ng Bay. khen, when sufflcient deposrfion h~d 

~ake,n p la'ce to 'constrict the t,idal flow' and' inér~ase the Uda 1 
1 

current ahear v,elocities' suffic1ently to be competent, the 
\. ' 

e'quilibrium would be-/re-est~bli8hed (at the original wat.er depths 
.q 

ir a sea level rise occurred, and at shallower wa,ter depths ,if. 

theré had been an increase in grain S'ize). 

The 'only important site of sediment d,eposition in the immed- . 

, i a t~ 
l, 

i8 on the slolle into deep water Bt th'e no·rth·end of the.: area 

bay. The expected depositional pattern ia of a slowly northward 
i 

p ~ 0 gr a d 1 n g fi and b 0 d Y w i th i ne r e a sin g 1 Y fi ne gr a (n' s i ze s t ow a rd s 

lts base... This possibility 18 8upported by the bathymetric 

shape of the slope whic'h fa broadly lobate northward out of the Jo 

ée~tre of the bay (Fig.,4) and by' the "general p"'àttern 'of increas-
, '0 

ing finenees of sample grain sizes d~W* th~ slope (Ftg. lOA). 

" 
With the present reef configuration however, it i8 doubtful 

" 
that ~and,deposition could extend,much f~rther to th~ north. The 

ç 1 

. .?"; . .. 

_ ares 'la 8wept by strong t!dal cur,rentls' from' Qu"tside ,the reef ~s 
, , '.. ) ', .. 

, 

. " 

they swing towar,ds the west 1;lJ;'"ound thé north,·end of C8~rriacou. 

the barrier reef crest were" to ~e'xténd northw8td It would oUer 

the protection from' these ,c~rré~ts that fou1d ,be necèssaty for 

und cLeposi.\:ion ~o progress nO,~thlltard. This may actualiy b~ 

happening. 

If 
~-

body ia 8 .coxal 'rubble bank, ~,ith abunda.nt gro/ing m~ssive 'cor"ls., 

r ,', 
a ' ," 

", ... 
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matnIy of various Diploria species (Fig. 5). This bank develop-

me~t may be the precursor o~ full reef developme~t. Thus depos-

itionai prOg_radin0-sa-nd nort~watd beyond the edge of the reef 

provides a sha~low en~iron~ent necessBry for coral bouider bBnk 
"" 

'd~veIopm~nt and possibly eventual full reef deve,~()pment whtch 

would then provide the necessary protection ,for further~epo-s-
. 

'itionai pr,ogradatiQ.n to the north'. 
r ' , 

The rate Iimlttng ,factor to this process 18 probably the 

rate at,which t~e reef cao be".,extended. 
o 

-~ 
Watering Bay présently being swept from . . 

0 
up by strong 

. . 
on the slope but lé caught .' . 
bey and removed frQm the area. 
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CHAPTER 7 - SUMMARY AND GENERAL MODEL OF 
REEF SEDIMENT TRANSPORT AND DEPOSITION 

Cart'iacou, W.r. (12°30'N: Lat.: '61°2(J'W. Long.) is a small 

d (13 ~ 33.7' km 2') d . islan mi on the Ant1l1eli Ridge. Be rock 

consists of Up~e~ Eocen~ to Pllocene volcanic tuff~ arid ~r-

ganic. limestoJle~ dipping gently," to the aoutheast.* rrhe climate 
. ' 

la relativ,ely dry, ,and 't,.here. are i1:o pêrl!lanenr;strestn,!,',on the ", island . 

Car.n.aeou lies within' the belt of çonstant Northeaat 
, , 

Winds and wave~ Ô't Iate au.tumn ~nd wint,et ,'~ll:e ' , , . 
. 'malnly from the no~theast whi~e those of spriog and summe~ 

are more .easteX:ly •. 

The' area Qf study'ioc}udèd th'e bartie-J' coral reeE- and'" 

baçk-r~ef~a~eas~'exte,di~g for one~q~arter to qne ~nd 6ne-

\ 

the back~reef ares 
• 1 

'·is divided into threè bays. 
• _ .. ,l' .... 

up the co~&'t, ie the S1I1a~,le&t of the' baye. 
, . .. 

Th~ study cqncen~ 
~ • v ,) ~ 

tra.ted on the '-t:ontrslltih,g b~thymet'ry~ 'ehvlro.nll1ents; 'bydrology 
',' "" ' <6" 

and 'sediment tr~ri8port pattei~~ of ,th~ b~t',th~rn (W.ate:ring), a~d 
• , >' ~ ~ .. .. ' , J: 

southern- (GraQd) ba'ys. No pre'itou.s silllilar studies of this or 

other areas have been .made. ' , 

. 
wave Il than Wa te r1l:1g Ba i. the 'bottom o'f Wat\'r:inj Bay 18 B~~ur-

r,. 

ed by 'strohg:\domloantly -se,mi-diu'rnal, reversing tidal 

ents', wll1ch ewefe' not obs'erved"in' Grand Bay • . 
" ..... 

, -. 
1 • ,,' 

curr'::" 
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In gener'al, the flora and' fauna of reef ,and' reef assoc-

iated environrnenta are not signtficant.1Y diffe·rent than those 

described\ in o~her. Caribbean reef areas. However, the above 

differe"ces in' siz,e, exposure; bathyrnetry and hY{OlOg_y ~au)e 

differences in dfvelopment and character of rnany e,nvlronments 

in th'e two bays ,as fo11ows: 

il) 'Beaches in Grand Bay ,are weIl developed and are composed 

(2) 

of carbonate sand tt'ansported shoreward by waves. , 

Beaches in Water·i·ng Bay are poorly developed and ar~ 

~Jmpesed mainlY of black, terrigenous sand transported to 
~ 

the shore by ephemeral streams and eheet wash·during ~ain 

s torms. 
"-. ' 

Shoreward Thalassia beds have'a much more extensive and 

varied assoclated flora and fauna in,Grand Bay tban in 

Watering Bay. 

(3)', Th~ unstabie' sand 'aubstrate ln Grand l:tay i8,transported" 

sho rewa rd from the ~"a rrie r' re~ f . in tQ the ',dee pe r 18goon 

~ by secondary w·aves. That. ln 'Watering Hay ls transpôr'ted 

'II-

(4) 
,>1 

mahqy,.laterally by strong tidal currents. 

Ne.r~y half of Grand Bay, bet~een the shoreward Thalassia 

, " 
ls d-eeper than 20 . ..fe,e't. (~.l m) bads ànd the barri,er reef, 

~nd i~ floored'by stable .s.~d whlch'ls not moved by 
f • 

normal waves. 
, '. ,. 

Stable' sand substrate la uncommon l,n 'T 

Watering- B,ar apd occurs Inalnly ln smalI ,area,a ass,ociated : 
# 

with the sh~reward Thalaasi~ bed~ b~hlnd Grand ~ay. 
"; 

, '-
~ ~ . -o sfd~ of t~e barrle-r ,r:eoef crest o~_ly in S»ufhe·!~;.Waterir'lg 

Bay, and, in G rand Bay."" 

.\ 
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The mai~ sources of bioclastic carbonate sediments east 

of' CarriacO\1 are the barrier reefs. Maps and scatter plots of 

the sta~i8tical parameters of 'grain size dis,~ributions of sed-

.'ment samples are consistent with the relative intensities of 
1 

waves and currents as determined by seabed su~face features and 

direct observations. Used in conjunction wit~ o~e another., the 

\ 
maps 'and' scatter plots al10w some gene-ral,intetpretations,of 

sed ime Il t t r&n s'port and de po Si tion. .. 

A'much fuller understanding of sed!ment transpo(t and.de

position {Jas .obtain'ed by conSideriqg the grain size distribut........ 
ions as mixtures of log normal populations represented by 

cumulative curves or hi~tograms l'ather than by dèrived numbèrs. 

Use of populations allows interpretation of the complete ,grain 

siZe dlstributions as responses to proc~s8~S, .{or which there 

\ ' 
ls a con8.tderable fund of theory and experimental data. 

Sediment tra~sport i~ Grand Bay 18 dominated by waveé 

crossing the back-r~ef unstahJe sand fIat. Incressing mean 

, r 
grain siee -and coarse, skewness of ~ain sile' d~.tributlons of 

!ledimen.t sampleE.! ac~oss the beek-reef, flat away ,from the reef' 
~. 

, ' 

atteE.!t ta ~he.transport and progressive win~owi~g effects of 
~ . ., 

th'e ~avea. The finer grain siles winnowed' f"riOm ëhe fht come 
. 

to rest in the deeper water stable,sahd. envlronment of central 

Gr/and Bay. 

To progiess beyond the ·8.~ove in~er,pret8tion lt was nec

essary' to conslder ,the sam,ple,d 8raln si.le dlstri~u~ion8 a"s 

mt.xt:ures of 'b,sic 108 normal grain si Ce ·d18tribu~ion8 .. l>eteJ'-

minat10n of the graln size ~i8~rf.bu'tlOn8 of dtfferent t.ypes ,of 

~ 

• 

, 
t'" 
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organic const~tuents i~ three representati~e samples demonstrat
" 

ed that thf;!' basic populations are n~t a result of organiè skel-. , . 
etaI sfructural units controlling- the grain slz~s of the pro-

ducts of abrasion and breakage. 

By comparing the basic grain size co.mponent populations ,.-

with Eompetence cU,lives for tra.nsport by wave,8 and- the comp-

etence of the observed waves, the following model of reef 8edi-

ment transport and deposltion in.Gr~nd Bay was developed (see 

Figs. 22-snd 23). 

During observed normal weather ,conditionlJ, wavee in Grand 

Bay have periode of 4 to 5 seconds and height. of 1 to 2 feet 
, , 

(0.3 to 0.6 m). These waves are .capablè of transpol',ting grain 
.. 

~izes finer than 0.43 phi (0.74 im) in l~ f.et (3.6 m) of watir. 

Grain size component population 1 (x • -0.7 to -O.~5 ~hi;~ 

'rr- 0.72 to 0.85 phOt o,ccurl'ing as the coarae mode of bimodal 
. 

l'eef and back-reef l'ipp,le trough samples, is not transported. 

Compo~e n t popu la tion 1 1 ~x~/- 1. Q5. to 1.40 phi; fT ". 0.75 to 

0.95 phi) 1,8 transported- slowly by rollins and, sUding ~nd is 

organized into ripple cresta on the back-reef sand fIat. 
"' {). 
Those·gralns that reach the ~teep slope between the'back-reef' 

and the deeper water" stable s-and (.lagoçm) are depo81t'ed as 
.. ~ ~i 

part' of the subordinate '~coar~e glrat,n size. population of the 

bimod~l'slope deposits. 

Pop u lat! 0 n 1 l 1 (x - 1.'80 t 0 2. 10 phi; tr ". O. 59 t 0 O. 70 
"t 

phi) h' transport~d l'apfdly acr988 t~e back-reef f18t~ ~s bounc-

fng (saltat:1ng?) traction load. It 18 present as -II, tX'ansitor'y 

population ln ~he back-~eef ila~ rlpple troug~ sample~ and a8 

'the ma~n grain 8i&e mode of the 8lope deposits. 
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phi) is transported Most rap~~ly acros~ the baek-reef fIat, 
l, 

proba~IY ln sU8pension~ The popula~ion ia not recognizad in 

bottom samples of the reef ~nd baek-reef fIat envirbnments. 

Dawn the ~lope. progressiv~ly more and flner portions of 

population ~V are mixed with population III to produee an . 

inverse grain size grading in the fine mode of the slope 

deposits. Most of population IV cornes to rest as the fine grain 

size mode of the bimodal sands of the stable sand (lagoon) 

environment (Figs, 22 'and 23). 

During storms, which were no, obs~rved. grain sizèB finer 

than approximately -l.i~ phi (2.2 m~) are transported from the 

reef and acr088 tl.te baek reef Hat ·(Fig. 2i), Component pop-

ulatian l forms the co~rse gralned ,portion 'of the traction 

load. At the top ~f the steep slope, whi~h is st or near the 
/ 

ang'le of repose for finer grain slzes,. the coarsé grain ,frae-

tion" of population l roll to th~ 'bottom wher,e th~y form a 
. . 

discpntinuous bottom-set deposit of the shorew~ pr~grading 

back-reef sand body (Fig. 23,>' Clogging of population l on 

the slope may occur to produce a coar8~ grained storm ero88~ 
, , 

Bat bed in the -sand body. During othe want-ng stages of a- stotm 

- . ~ 
population l -.is aepos1.ted on ,the top of tbe back ... reef flat 

wbere it forma the -C08t"se grain'size mode-~of the' n'ormal weath-

er ripple trough samples: .,. 
Population Il, ' in 'the no,:,mal. wave ripple cre.~ts, t., the 

. , 
most exposed grain aize population on the beek-reef flat.at 

the ,tart df à storm and is rapidl~ ttanaported aerOS8 the 

btck-re~f fIat as the fine,st portl'on of tbe bed lo.d. It 18' 

.. 
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173\- , 
swept down the slope lnto de"pe~water where atorm "aves are 

still cap~ble of distributing it aS the coarae'fraction of ~he 

traction load (Fig. 22). 
\ 

It forms the coarée gxained component ' 

population of the bimoda1 lagoonal deposit~. .Biogenic rework-

ing of the lagoon.1 deposits during non-stormy weather inti-

mately mixes population II and I~ into a homogeneous deposit. 

CGmIM>nent population III, 'in the normal weather ripple 

troughs, is probably put into suspension on the back-reef 

fiat during storms. Increased water circulation durin~ storms 

p'robably removes this population from the study area. Some 

of population IV, originally deposited in the ~agoon dur~ng 

·normal weather may be disturbed during stotms, placed 4n sus-

.pen~ion, and removed from 
ê)~.. .,~~; 

the 8 tudy at7a. 1 t woü~lc;l not be 

placed into suspension as high in the ~àter coiumn as popu-' 
• 1 

lation Illon the back-reef fIat. however; 80 mucb wo~ld re-

mai_n.,in the 1agoon and l'e redeposite,d aft~r the storm. 
r 

rhe net result of the apove model i~ to depo~it a shore-

ward progading sand body with a disconti,nuous" caarse grained 

bo't tom-se t o.ve r homogeneous t ,fi ne gra ined, bimodal (popu la tions 
q # 

II and IV) lagoonsl depoalts (Fig. 23)~' The grain size dis~ 
~,_ .. ', -t.,. J 

tribu'tions .,of,\the sands in ,the main bfY are bimodal (popu-

lations 1 to I~ plus III to IV). ThJ gr4in siles of the modes 
• 1 

, 1 

deereases d~wnwal'ds~ wi'thln the sand /body. The mean grain size 
~ 

of who le iamp le grain si ze dia tri bu tioos inc: rease 8 downward s 

howe ve r t bec~'u8e' of the ine rea ~ing proporti,Qn 0 of the, cO"r8~ 

m,ode. The sand body ia capped by a coarae gl'ained, bimodal 
" Il' • 

(populations.I and III) top-let dep~&lt. the thieknéès of 

-, .. 

i 
r 
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" which depends of the ,difference in scouring abilities of normal 

weather and storm wa,ves.· 

Sediment transport in Watering Bay is dominàted by unequal, 

reversing tidel cirrents of which the northwsrd flow ia the 

strongest. Sand si2ed sediment. supplied by the barrier reef'S. 
) 

ia moved loto the bay by waves and transported northward by 
o 

the tidal currents. Waves during normal weather have lit'tle 
-, 

or no e,ffect on the bottom sediments over mos~ of 'the bay., 

Grain size distributions of samples collected in cloth 

mesh sediment treps at the sedimen~ surface and at various 

heights abov~ bottom corre1ate weIl with traction and susp-' 

ended load grain size ranges'define~ by maximum shear velocity 

calculated f1:om currentmeasurellents and plottetl on transpotrt ,. 
competence curv,s (shear yeloeity·vs. graih 8ize). 

From, the ~èdiment trap results it was found ,that ,the 

grain 8ize,di~tributions of bottom sediment asmples i,n equl.l-,~ 

ibrium 'witn the' currents could b'e used t;o define the grain 

si~e boundary between traction and suspended,load and the rough-

hes~ length. Using the boundary and t~~ transport co~pete?ce 

çurves, the ma~imum 

deflned. The 8he~r 

shear velocitpacting ~n the ~ottom was . 

velOCi~Y and roughnes8 Jngth va.1uee ~ere' 
used, ,wit'h w~ter d'epths: 'in the v9n KJ'irman;..prandtl equatlon to 

calculate Clirrent velocities at 5 feet (1. 52 ,m) depth.' These 

~,alcul$ted velocltlea ve're approximatèly the same (.tU.S'Zr) 

aé measured maximum velocltiet a~ nearby lo~ation8. 
(-~' " 

Maps of maximum shee-r, ve loc1.ty an~ ~ ve loci ty, the-

: 

. , 

" 

, , 
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results of the sediment traps and current measurements, and 

maps of 'grain sil"-e distribution statistièal parameters were 

àll used to develop a model of reef sediment transport ~nd 

deposition in watering Bay. The only site:s of sedimen't de-

os1t10n in Watering Bay are the beaches, mangroves, shore-

ward ,Thalassia beds and patch reefs which could conceivably 
, 

eventually lead to f11ling most of 'the bay to sea level.' 

, 
TS.e unstable sand environments are sediment bypass areas, in 

equilibrium with the current~. The grain size distrib~tions 
\ 

of the bed materials accurately reflect the sediment trans-

po~ted by the current~, and are not deposited except tempor
/ 

arily, wh~n t;he currents are slack o,r weak. 

Signif1cant diposition ~n Watering Bay would occur only 

if there were a',rise in relative sea level or an in,crease in 

the grain sizes"'s,upplled ~Y the reef. Depo~ltion would c~n-, . 
, . 

tinue untl1 tidal flo~ Was constricted sufficlen~ly that ~hear 

velocities were competent to t~anspoxt_.ll_ee4i.ent~8~pplied 
• '_ • '- 1-

by the reef. The new equilibrium surface $0 established 

w~uld ~e at original water depths if a sea level rlse bad 

occurred and at shallower depths if «n .in~r,a6e"'i: graf,n siz'e,. 

had" occurred. 
~ , 

Much of the sedim~nt swept fr~m th~, bay at present ls de-

posited on the slope lnto deeper water at the n~rthern end of 

the bay to form ft slowly northwa'rd 'p,rogrâding, sand body. 

'Continued pro-gradation northliard i8 d~penàe'nt on extension 

of the barrler reef to 'protect the deposit from strongt tidal ,-

~' .~ - 0 

currents 8weeping around the nortb end of the reef. 
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r 
An unknown, but pr~bably major, portion of the sand swept from', 

~he b4Y continues to be ~ransported 

l 'i,' 
outsife of the 

• ,! 

outside of the study ~rea 

reef. by the curren~s from 

.. 
GENERAL MODEL 

The above models for reef sediment transport and d~P~Sit-

1 ion in Grand and Watering Bays were developed on the basls of 

present day sedimentary patterns a~d procesaes. Impl'icit ln 

the models i8 an unchang1ng sediment supply and constant rela-

tive sea leveI. Contlnuity of ~ediment sllpply from',the 7;"eef 

mlght be exp~cted barrl~g major ecologic and/or evolutionary 

changes: Bowever, lt ls obvious from the geologic record 

that sAong term s'ea level still stand ls an unusual occurrence. 
C-

• Q.... 

. Therefore a discussion of the models·fs incomplete without t . 

cotisidering at'least the tlme and sea level factors and th~ 

poss~~le relatlonshlp of the Grand Bay model to the Wateri,ng 

Bay mode 1. 

-
The two models.may be at different stages ra~her than 

Just dlfferent type's of back-r'~ef sedimentation. Given a 

con1ltant sea, leveI, one can lm.sine the progradational fflling 

of the baek-reef aeeo'rd lng to the Gr'and Bay mode 1 to the ',,,, 
.( .~ 1 1 

• point that the ,e,ross-sections! ~rea of lo>ater·ab9ve the deposits 

la sma~l relative ~o the area pf the depoalt (l.e~ small i~ 
.' . , 

terms of th~ ~olume of water that must flow through the ero8~-

sectionsl area, t'o allow fot. tt.dal exchs_nge o,!er' th~ area of 

the' deposÜ and' fôr the p.aping of "ater by ,;.~.s aver the 

reef). At this stage 81g~ificant current8 wou~ be set up 
" ' 

1 

1 
i 

" n 
:J 

• ~!: .. 

'.: ~ 
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and the watering Bay model would come into effe,ct. This is 

model/H illustrated in Fi~ure 38. Its essential character-

istics are a continuaI increase 1rt the areal extent of the reef 

-' 1/1' 
and reef derived sediments and a continuaI supplying of reef 

detritus into the adjoining baslrt. "The rate of areal' increase 
,s:y 

is dependent upon the productivity of the reef and the 'depth 

0, f '" a ter i n the adj 0 i n i-n g bas in. 0 ver:- ste e pen i hg p f s 11~ e s 

and sudden, catastrophic collapse to send debris flowa out 

into the basin should be a common feature of the model. 

A modification of the first model (Stage 03 ~f Fig. 38) 

would result if the J'eef were in fr~nt of a land mass, as in 

Watering Bay. In this case, deposit{onal pro~rading of the 

sho~ward ~nvironments would cap bhe sequence with ~ mixed 

pattern of coral patch reef, coral rl!'bble,. beac,h, and fine 

grained organic-rich mangrove sw~mp and Thalas~l~ bed facies 
, , 

extending t,ô the t'ntertidal,le,vel.. The t~ickne88 of these 

fac ie s wot Id rep re se n't ~he e qui 11 br,lum dep th' 0 f the back-. 

r,ee.f sediment bypas8 environment (Wàteriog Bay mOdel) .. 

Eventually the reductlo'n th area of the back,-reef wou.ld 

décresse the t!da'l exchange and"the rates of curre.nt flow. 
. \ 

The ebd result would be a wlde~' Ipw ~6astal plain with 
. \ 

ma~grove swa~ps be~lnd a narrow, very shallow, very coarse 

: t. , 

grained baek~re~f fJat, and what would' thert be essentially a 

fringtng re~f. ALI of. the sand 4f.ze a~d fl~er' grains produc-

" . 
ed on the reef w,04ld pe .trans.por,ted,' tnto tt:-e basin 1-0 fr,?nt 

, . 
of the ree f. 

, . 

r 
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RATE F SfA LEVEL RISE «RATE OF SEDIMENT SUPPLY. 

GRA~D AY PATTERN 
EXCHAN E AND WAVE 

'AR'EA I~ITIATE SIGNI. 
\ ' 

OEPICTEtf ~T THE 'POINT';-W~ERE TtOAL 
IRCULATJON OVE R A LARGE 1 SHAllOW 
JeANT CURRENTS 

<f- W'''O AND WAVES 

SE" LEV~L~--------------~--~-------r----------~~----------------------~ __ ~ 

, . 
. STAGE 2: 

SEl LE:VIL 

STAG·E 3: 
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Fig: 38 "Genets1, 1110 e'ls of baèk-reef 'se,dimentat1on; with 
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The \ be considered is in which the second model to one 

the 
.. 

rate of se a level r:ise ls su,bequal to rate.Qf sed imen t , ''-, 

supply. The re are two possibi'lities, depending on ,whether the 

G ra n d Ba, y 0 r the Wa ter ,i n g B ~ Y m 0 deI i s Jo' 'e f f e c t wh en th è rat e ," 

of sea'level rise becomes subequal to the' rate of sediment 
, , f . 

supply (A and, B respectiv.ely in Fig. 39)., 

, . 

)~ The Grand Bay model (Fig. 39A)~ woul~o re8ul~ in the Grand 

Bay ~y,pe. c.r~d ba<;k-re_ef' saD~. body, teing "Capp~d by ,a' 

,sequ.ence of lamin~'r, .be.dd~d to massive, b~,Od~'1 gi;-a'tn si,zed: 

~torm reworked sands, '.interbedded with, wave ripp'le cross -
'-: . ~ 

,1a'minttted, unimodàl gt:ain sized sands. Cross !am{nllted bedi:l 

would haye sharp cont;ac.ts with uJld,erlying storm reworked beds 
l. ' ''/.. .. .,. , ' 

and scoured and e ~o~ ed uppe t coo'tac; ~ s ~i th overly:t.~8 s'f"o rm 

deposi,t s. Th.é mod~l Is' oQ,e çf s10w:'growth~ih arès'l extent of 
• ( ,1 , 

the reef 'an'd. reef associated sed.,ime.nts. Also, less reef 

der1ved detritus i'8 supplied 'to the 'ad j'ace nt baéin than Ln 

modél #1. 
,1 ~, 

Beginning with the Water,ing Bay \tlodel (Fig. 39B), the're-
>{i' • _ " , 

'sult,wo~ld be very similar t~ mode1 '2A~ ~xcept the 8edl~ent. 
, \ 

de~osited in the back-r~ef wou'ld consiat of' sande" ieflectins) 
~;:'Qo-V ' '\ 1 

~ the uni~ire,cti~~a1 .1'~ .. ~:~~",6rt .... ~~gi"met with,îensitic bed'ding 

and evidence of éot and fi'tl.'~ Units 'W1t~ curt:ent -ripple_ cross' 

1 8minae. WOu Id be common. a8 wou Id leos,! ,Ue C oar,se tub\>.le 

depbsits t'epreaen'~ing the occasional washing in ,of coarse 
, . < • 

reef debris during stc;rms. Smal1 poa'tch reefs and letue's of 
" . 

Porites debris would a1so be commo~. 

Model'V3 (Pig. 39C) involves a rate ~f sea 
. 

levé1 tise 

much greater than the rate 'of sedlmetlt supply. ln this 

" l 

. . 

, ) 
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MOOEL%1I 2 Ai RATE; QF, SEA LÈVEl RISt oz RATE OF SE'OIMENT SUPPLY 

A 
. BÊGrNt-lING 'WITH MOOtl 1: STA<;( ,(G~NO BAY PATTERN) • 

--- -

~OOEL 11-28 :, RAIE OF SEA ~ÈVE.L RJSE -:!' RAT'E Of" 'sEqIMENT SUPP'-Y. 
B~GINNING wrrH MODEl l, STAGE 2 (WAjERING BAY ~ATTERN) 
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( 

G~neral "odels' of',~ac~-reef ,sed~~entat1()n' , . 
A&B"~' rate .of ftéa leve.l tise sl,lbequal ~o'.J:'ate 

~f' sèdimen~' supply. ' ;,'" l " , '.' , 

Pl:g. 39 

" 

, " 

1 ;, 

,,j. " 

" 

, . 

C - .. ta'te~,.o.f se~,.1~vel r~se ~uè:h' ,reai,te-r than, 
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case the reef derived detritus does not extend far into the 
~ 

adjacent basin" aIl of i,t stayin.g in the viëin~ty of the l.r;eef 

to forro a steeply"dipping wedge, O~ apron, of sediment. 
, 

'In the discussion',of.., the above models seve,r'a). charac-ter-

isties and processes of carbonat~ sediment pr,.2ducti{)n and 
b '. 

deposition bave been ignored because this study has d~alt 

mainly wit~ baek-reef sedimentation in an area ~ith only 

organic carbonate clas~s. 
b 

Processes on the reef, such as 

rate of sediment supply, cementation and organic abrasion in 

particular may be important factors affécti~g the preserit 

day northward extension of the Watering Ba~ barrier reef. 

Another factor not considered is the effect of friction 

over a large shallow area to reduce tidal eX~hange an4 eurrent 

strength. The enlargement of the baek-reef ire. could lea~ 

to -quiet water conditions and deposition of' carbona~e muds. 

AJ;ound the margina of the back-reef area., waves .and tidal 
o 

curren~s would still·be active. 00 li te shoa 1s would be 

d,eveloped in the agt'tated, nl,1trient-'p'oor, PO~siblY sup,e'r-' 

s'atura'ted wa~ers at the m1r~in~ of a 1~rge carbonate 'bank 

area similar to the present day Bahamas Bank' behind A~dr9,s 

ICsland. ,The ~rea. at which the Bahamas Bank model wotiId ,come 
" , 

'into effect would depen,d mai,nly on the. tidal range aad' the 
. . ... 

streng~h of'prev~iling' winds and wave'S. If tidal range was 

sm~ll and winds and waves were. w~ak tt i9 possible that the . ,. \ 

, 
Bahamas Bank model, rather than the Watering Bay mode~ would 

succeed the Grand Bay model. 

pe consldered further here. 

c' 

\ , 

The Bahamas Bank model wil~ not 
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T.h~ stratigr·aph.fc and 8ed1mentolog~c sequenc~s that 

would ,resul~ from the ~perat1on of thÎ'Grand Bay and Watering 

-Bay ,mO,deljdUring .intermittant 'and varia,ble rates of sea 

levei rfs~~are i~lustrated in cross 'secÙon in Figure 40. 

( The,as.sumptions and simpli.ficat-ions used in constructing the 

figure are as fÇ>llows: 

"\ 

1. The reef is developed"near the outer edge of a 'uniformly' 

.8ubsiq.Lng sh~lf sea without the influ.enc'e of 'coarse grained 

terres'trial sediments. 
, 

2 . Wind~,~iB"I't~ tidal conditions are constant" .. the dir-

eçtion waves is îandward and normal to the shelJ 

ed.ge. 
o 

3. There ia no inorganic production of carbonate except' for <}t1 . ~ 

cemeritation inherent ln the producti~n and maintainance of a 

'reef framework. 

4. AlI ~ediment ls considered ta be derived fro~ the reef, 

'althqugh recent atudie~ by Neumann ,and Land (1975) hav~ ~emon~ 

s"~rated éhat important 'sources and a, high rat~ of sediment 
, . 

production can exist in .baék-reef quiet ,wa'ter environments • . 
5. In a gi'yen unit of" time a constant" thicknl'ss of 'basinsl 

sediment and ~onstant volume (orea' in c~oss section) of reef 

framework and/or reef 4erived sediment are deposited. 
" 

6. On1y de.t'rltus shed,tin,to the beck-reef ls consi'dered., 

~ 

Fore-reef processes and the supply of reef sediment ta the . 
reef slope are ignored . 

-).' 
. t 

~he rée f gl'OW S ve,~lc 8,1-;1 Y and no cons1de ra tion i 8 81 ven 

to lateral expansion, contractio'n or migrati.on.~ 

. , 

i 
l 
,j 
J 
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ST~ATfGRAPHIC SEQUENCE 
FROM- GIYEN SEA LEYEL ,'RISE CURVE 

BASE..o MOOElS 
S~DIMENTAr!ON 

l' SEA L rvtL 
Il,sr ClJlrV( J 1 +-------1 J .' 

:I~--~--------~~ 
, ~ :t=::==:;p;;;;;;~ .. 
'"' f'--< 

...... , : 
.... ~ ..... /1 

AND CARRtACOU 
OF BACK-REEF 

. , 

r 
....... ~ :: 

~ :1 TIME BOUNDED GENETle UNITS " ,. 

'4 S " • 10 12 
,. 

f'''( --Jo 

riOO BARRIER REEr 
.§:",.x-: • lCORAl' A~GAL 

CORf' 
RQ«~,~ 

... 
L1THOlOGIC UNITS 

[i-:J BIMOOllL FI~E GRAI~Eb SA~O 
• (L"'GOO~-GRANO UY1 .t 

tô*·a 
.< • 

8ACK-REEF COARS( GRAINEO "PRON 
(NOT OBSERVED) 

f.:':':t~::k ~~IMODA~ COARSE -MEOIU~ GRAINED SAND t..... 11IEO LOAO' WATERING BAY) 

[Il, ...... . . . 
D 

SIMODAl C<lARSE GRAINtO ,SAND 

(RII"PI. E TROUGfj -GRAND BAY) 

alMODAl MEDIUM GRAIPjEO SAND 

(SLOPE - GRAND BAY' DISCONTINUOUS 
GR.WH 8EO ,AT SAS!' / 

'/ 

/ 

UNIMODAL S.-ND - COARSENING UPW.UOS 
(SL-oPE " HORTH END WATEMING BAn 

BA$INAL MUOS 

.. 

Fig. 40 Sequence of bapk-reef 
sea level rise curve_ 

sed imenta tion 

.. 

for 

" 

... 

a given 

. 
" 
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8. Before ;-ediment iBn be derived from the reef it must be 
" 

at' sea leveI. o 

sea )evel, an occurrence 

given ~'fpossible lowering o'f relative 

which has been"demonstrated t~ be 

9. ~o cOhsideration ls 

common and important in Many sncient reefs. TherefQre, the 

r 
effects of subaerls1 diagenesis and island formation on water , , 

flow p~ns and reef development are ignor~d. ., 

10. There is a water depth above ~hich b~ck-reef sediments 
~ 
.cannot be deposited ~nd which represents the equilibr!\lm ..;/rj 

G - \.~ " • 

surface for the grain sizes of th'e sediment and the wind, wave 

and current condl~ions. 

Il. When the back-reef sedime.nt pile reaches a given' distance 
, 

fro~ the reej, strong tidal currents are dev~loped to facil-

itate, wate.r eKCh,an8<e .. in a shallow, ~ide water co~u~I" 

the Waterit,eg Bay 1tI,0dei replaces the Grand Bay mJof 

reef sedimentatio~; 

The sea .levei rise curve (Fi"g. 40) was deslgned to 
~ . 

Thus 

back-

i'nvestigatè the effects on back-reef-sedimentation of sev~r~l" 

From time 0 to 5 the differ~nt patterns of sea level rise. 
u .-. 

) 

rate of sea le~el rise i8 moderate and decreas~ng. A short 

period (time 5 to '6) of seS level sti!l stand separates the, 

first'.sea level tise from arise whlch ini~ial1y outstripl!,. the . 
rate of sediment production and then decresses ta a pr!>'longed; 

Il 

still stand from time 8 to 10. The still stand is followe4 

by. a gradua~ly acceler~tlng rate of sea level rise ho com-

pIete the modellng ~equence. 

The sequence begilons at Hme 0 and sea level "a", ~wl th 

• 
the reef at sea levei and no back-reef sediment de~os~ted. 

. ' 
, ' 

1 

. " . 
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rro~ t!me 0 to 4 there is a constant rate of séa level riBe 

<:> 

from level a to e. 
è 

This rlse has been ~roken into four equal 

time S!'ages to demonsta8te the di',fference between faci-es and 

time b undaries. In the early part of time,O to,l, back-reef 

sedi~e t is deposited as an apron (·model 3) 'until it reaches .. 
the e~u~librium depth (assumpt!on 10) and deposition accord-

ing to the Gral'1d Bay mO'de~iJbegins. At the.given rate of sea 
... 

leve l, ri se. 

niuch of the 

t'he back-reef san,d 'body does not prog'rade rapidly, 

carbon~te prodiction being required to kee·p the 

ree fat set le ve 1 and the top of the back ree f fla t a t th~ 

equilibrium depth (model 2A). Most ~f th~ back-reef sediment 

is deposited as' horizontally bedded, bimodal, coarse grained 
, 

sands simil~r to the back-reef ripple trough samples of Grand 

Bay. Preservation Qf wave 

wel1 sorted grsDn sizes is 

From'time 4 to S, tlle rate of sea lev'el rise is decre.ased. 

Less material is required by the reef and back-reef sand fIat 

to kee~ pace with the rise. The dominant deposits are bimodal. 

medium grained iands of th~ slop~. .. 
ra>pid 1)' away ,from the ree f. 

The sand body.progrades 

During the subsequent sea level still stand (~ime 5 to 6) 

the reef and back-reef fIat are sediment bypass areâs, aIl 
i 

carbonate production being deposited on the slope. -progrsd-

atP6n of the back-r~ef sand body away from the reef ls at 

a maximum (model lA). 
, 

The requirements of· the reef keeping pace with 'th'e very 

rapid ses level rise from time~6 to 7 do not le~ve sufficient 

". 

• l' 
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'sediment for the back-reef deposits to maintain an equilibrium 

surface .. As a result, a ~ediment apron (model 3) is depos.it'ed 

adjacent ta the reef and, ·if bottom currents a110w, basina! 

muds transgress over t11E~'pievloul3 equi'librium surface. 

From· time 7 to 8 the rate of sea level' rise i's 'decreased . -' , ~ , 
sa as not to exceed sediment supply. 'rnitially depos'ition of 

a. se d i me nt a pro n con tin u e sun t il· the e qui 1 i br i u m de p th i s 
, ,~ 

reacged and the Grand Bay n;tOdel.,"'\ depo8itio~ éstab1ish~d. 

The subsequent sea level stil~nd from time 8 to 10 

ailows the back-reef sand body ta prograde rap.idly.away from 

the ree f (mode.} lA). ~he ~atering"Bay model of back-reef 

sand body d~position takes effect at time,9. Ch'anne l s. are 

cut in the back-reef equilibriu~ surface and dunes establish-

ed. 
~ AlI sediment bypasses the reef and back-reef fIat to be , . 

deposited on the slope. The deposit consists of san~ with 

unimodal grain,size ditJtr,ibutions similar to those at the, 

north end of Watering Bay. 

The following 1.aw ~'rate .of sea level rise from time 10 t9 

Il produces a continuation of ~hé Watering Bay œodel of de

position wit,h SOrne aggr~dation on top of the back-ree,f 'sand 

body to maintain the equilibrtum surface (model 2B). ., The top 

set deposrts are irregularly bedded with abundant scour and 

fil! features and abundant cu.rrent, ripple ·and dune cross-

laminae, Grain size 'distributions of,the sand sare 

,to' those of semples from Watéring Bay. . , 

The incre-ase in rate of sea level ri8e.~rom tiim'e ?-1 'ta 

1 '> 
'\ 

~ . d 

-" . ) 

. -t' .... 
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12 cau~es_an increase in the rate .~f aggr.adat.ton of the, t'Op e )-. 

1/, set deposit~~ and do~s not le"a~e 8~fiicient volumes o'f ~~di-
, ' 1 0 

ment fBr significant depo~itlon pn the-slope_ / 
1 .. 

incr~a_si'ng rates of sea levaI ri~e, ft'om timè. 1'2 to 13, 

and ,from time: g.- to '.14. lead ,'to reduction in the aréa of the 

back~reef' sand b~d1 and trhnsgression of basinsl muds over 
,~ 

previous depqsits. 
~ , 

Slnce the Incrêa~es ln rates of sea le~el: 

. 

.N _ 

.~ 

rlse are abrup·t-8~nd step~tke, the resulting deposits. are ste'p-

11ka. A gently curving sea level r18e ',curve'lo1-oul-d ~_esult in 

a sedlmentary wedge, r.inning away, from the reef, and cappil'ig 

the sequence. 

Elements of the above or si~ila~ sequences may be recog
.... 

nlzable in the ancient sedime~tary record allowing interpret.. 
atlo~ in terms of' th~ Grand B~y and Wat~ring Bay sedim.ntary ~ 

models. Allowances.would have to be mad~ for periode of ~ub~' 
b .. 

aeria~ exposure and early and late ~iagene~tc effects. 

shou.1d be .. possible to derive Sea leve.1 rise curves for the 

anc·ient sequences· and tha'n analyse elem~n-ts for details of 

the transport and' {Positïonal processes. ~f ,the dégree of 
. . 

diagenes"s allows, grain size distribu,tions p1us estim8tes 
;t 

o~ water àepths ahould allow e\timstes to be made of curr~nt 

velbcitie8'~nd pattern~ a,..nd 'Po8~ible combinations' of 'WiiV/ 
periods and heights. \ / . 

~e8ts Qf the' ab~ve p~ocedur:~~~l~e best carriéd out 

in~~iallY o~ young and h~nce organièall, similar sequences, .. 
such 8S the Plei8tocen~ reef terrace~ of·Bar~~dos. W.I. 
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\, \ CONCLUstONS 
l ' \ 

1.) Cumulative cur'ves, M,tograms, and the coilc'èpt of mixtu~~\~ ,_ 

of log normal, populat:ions prov!de a much more comPlete, ~epre- \, 

sentatton of bottom s~ample grain size 'di's-tributio~'f th8ln Ido der- .\ 
\ Il • \r • , \ 

,ived statistical parameters. They B,re also m9re easily +nd \ . 

• oCompletel1 related to transport and deposit{onal ~roceBsJ~'. 
2. In Grand Bay there are stri~ly 'consistent and 

dtfferences in the 'gra'in size di~tri\utionlf of bottom 
1 

sy tematic 

sa 

.from different environment!!, 

3. Basic grain size componeqt po~ulations and the patt rn of 

thei~ occurrence in Grand ~Bay are·consistent ~ith the transport 

~ompetence of,ob~erved ~~ves and do not reflect structutal units . , 

of dtfferent organlc' ske1etons. ' . , :" 

4. A1ternation of normsJ and storm conditions in Grand Ray 

resu1ts ln. transport and deposition of reef"'cferived sed~ment, 
1 

8S li shoreward prograding, cros-s bedded body of bi'modal" medium 
b' 

gra~ned sand. The top of the sand body is s' ,ri,pp1é m'srke4, ,non-". 

~depositional surface at approximataly 12 feet (3.6 m) wster 
<r 

.dep th. The depth ,represen~s an e~uilibrium between grain'8i~es 

supplled from the reef and the transport oompetence of the waves. 

Thft base of the sand body ls a discontinuous bed of dominantly 

molluscan grave! over1ying bimod~l, fine grained lagoona~ sand 
, 1 

'st 20 to 30 feet (6.1 to 9.1 m) water depth. 
,~ 

5. I~ U~terlng Bay sediment transport and dçp~sition in the 

back reef Is contro11ed by semi-diurnal, reversing tidal current~. 

~. Net sediment transport ls towards the ~orth, para1lel tO the 

reef. The south Jlowing current is very seldqm competent to 

transport sediment. 
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7. Tidal curren~ ve oeities, observations of sedimént trans-

pprt. an~ gqlln' size 'istributions of sediment in transport are 

eonsiste~t with pt~l shed transp~rt eom~etence eu~ves (thresh-
, ~ , 

old she~r velocity1a d sett ing ~eloeity versus grain srze). 

8. ~rJin size d st ibutio s of bott~m sediment semples from 
, , 

~a~tri~g B,a,Y re flee 

pea northward.tida 

sedim~nt grain 8 ~e , ' 

the boundary bét~e 
" .' > 1 

suspensio~ transpo 

t,he ,ma imum shear veloeities attain'ed dur.in~ 

flow. 

1 

The ~4th pereentile of a bottom 
, 

tion mar be used a8 an estimate of 

n bed and suspended load, and plotted on the 

competence curve td estlmate the maximum 

,.9hear veloeity. n estimate of maximum flow veloeity at any 

en be, ealeulated uSi,ng the von Karm~n-prandt~' water depth may 
, 

equatfon for flo abo. a10ugh boundary. .-

9. The ,floor f Watering' Bay. 18 a non-depositional ~rface 

aeross whieh t dal curren S SWeep aIl reef sediment supplied fo 
1 

it. The sedi ent Is either de.po,sited on à slope into <ie,eper 

water at ,the northern end of the bay or removed from th-e immed-;-.. -.. ' 

iate area 'b~ strong tid,al curreô'~ from outside the reef. 
" J' 

Since ther ls no or limited d~posiiion in the eurrent swe~t 
, . 

'd~eper wa er are'as outS'id~ Wa'tering Bay, < there ls lit(le or no . ' ' 

of'back-reef witp deeper water sediment. 

p~ogradation of tbe baek-re~fMsan(s in Watering 

" Bay i8 depoendent on the northward 'extension of the barrier reef 

to :pr teet the sand\ from the external strong tidal, currents. 

11. ~he patterns of sediment transpore and deposition in Grand 
~ . . 

'an 'W~tering:-Bays: appear to rep;esent different stages in a 

,'c nt<à~u.~·'f.rO~·'~h~ch',a mOd:1'_:' ~~<k-r~e' _,edimenta;,on may}f 

èriV_é4. At Il co.nstant ~sea level •. partial filling of the bac -
, .. 
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to ~ 
reèf according -to the .Grand Bay pattern coùld reach a stage 

*1 " 
where, lJi:-.gn\ft~nt tl.dai cùrrents' w~uld be necessary t9' faoi 1-

itate '~ater exchange over a sh.t41Jow, wide, back-reef fIat. The . ' 

development of tidal currents '~ould:mark the, establishment of 

the Watering Bay pattern of back-reef sedimentation . • 

12. The Grand and Watering, Bay patterns of back-J;'e'ef sedimentp 
\ " . 

l 

t ra n s p 0 r tan d d e p q s i ~ ion, w i t-h the i r dis tin c t ive' S li n d' b 0 d Y g e 0-

1> 

metr~e~ and grain sl~e distributions, were use~ ~i~h a varying 

sea level rise curve to model a hypothe.,tical, r~alistic back-

" , reef
o 

sedimentary 8eque~ce. E~em~nts of that "Or s~~ilar ,sequenclf . . 
may be recognizable in the anctent stratig~aphic rec0rd. 
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PLATE 1: I!. 

AERIAL PHOTOGRAPH -,EASTERN COAST AND NORTHERN CA~RIACOU. 

-- -~--

The stucfyaiea includes' th-e---intc-k-reef and 'nea-r---..f .... o':-'Tue"-'-=o-.---____ """"" """ .. ,,,,,, 
reef envit:onments east of the'ls1and. The, lagoonal ba'ys; 
from north to 'south, are Wa,'terf.ng ,Bay, Je\l Bay. ~nd Grand 
Bay, 

Wave action on tire reef ftont ls lesst inte.nse alonag 
the northern h~lf of the Watering &ay bsrrier reef, which 
is frot,ected from ',o,ceanic,\lav,es by the b'an1ts and islands 
to t:he e'ast (Islands' of Pota and Little, Tobago ,to the right 
on the, phot.,ograph. The larget' island of Petit MaTtintqti'e 
i9 just to the esst),. 
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PLATE 2' 
AERIAL PHOTOGRAPH ~ ~ATERING BAY, 

-
The back-reef environments and sedim~nt transport are 

controlled by, north-south reversing' tid,al currents. These 
are ref.lec.ted by the lineation of the marin~. grass and macro-
scopi-c algae beds in the main lagoon. The dominance of the 
northward flow is demonstrated by the sedimen t lobe s Leading 
from the back edge of the bart'ier reef and by the grass- bed 
"tail&" north of banks and patch reefs. 

The northern end o~ the bay'is ~en between the barrier 
reef and the ~ringlng teef aJound the mangrove swamp. Grand 
Cay (the largest patch reef east of Carriacou) and the coral 
and gravel bank to the north' of it c-ause some,constrictlon ' 
of the c'urrents. The greates.t constrlction occl,,1rs between 
the barri~r reef and Pt. St. Hilaire, where a 26 feet~(8 m) 
deep channel-ts preaent. Water depths over most of the bay 
are between ·10 and 15 feet (3 and 4.6 m). The effect .of 
the tidal currents dlmini8hes shorewaids, wher~ marine grass 
ba~k~ with a dense growth of Thalassia are developed. 

~ b 

Cartb is a sand csy buili of cosrse, reef derlved sand~
and, undergoes ~ yearly c}Ccle of bl,11ldup and destruction re
lated to sessonal variations in the directio{ls and strengths' 
of waves. . 

oP 
. A well-develbped trlckle zone, consis~ing of coral and 

algal ridges and sand and gravel chan,nels, ls present only 
behind the s'outhern haIt of-the barrier reef because the 
no:rth~rn half t'a protected from waveS by bank<s a~d Islands 
to the ea8~ (Plate 1). 

Windwa'rd ~iliage was the operational bas'e for this 
study. 
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PLATE '3: , . 
AllIAt PHOTOGRAPH SOUTHWEST GRAND BAY • 

~he back-reef environment~ :and $ediment transport 
are controlled by waves, which are larger th an ~hose in 
Watering Bay. No tldal eurt'ellts, were' observed. 

, . 
Sand, derived fram the' barrier reef • ls transported 

shorewards aeross the 12 feet (3.7 m) deep back-reef sand 
fIat and deposited on the slope to the main lagoon floor 
at 20 to 43 (6 to 13 m) d~pth. Fine sand ta si!t size 
material ts deposlted in the lagoan. 

1 

The 30 feet (9 m) deep terraèe and re-~ntrant' on the 
back-reef fIat seaward, of the patch' reef to the north May 
boe an Q 1 d bac k - r e e f san d fla t sur fa ce. wh i chi s b e 1'n g 
transgressed and covered by the present day baek-reef fIat. 
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PLATE 4: ~ 
REEF SLOPE AND FORE-REEP ENVIRONMEN~S, WATÊIUNG BAY ~ T'R.AVERSE 
SIX. '-

A and B: 
Reef slppe ~urface- at approximately 40 feet (12.2 Dl) 

depth and 50 feet (15.2 m) depth respectively. Note plat y 
Diplor{a, ~MOJlta8trea, 'and abundànt Go\-gc;>nians'. 

, \ 

C and D: 
: ,Base of reef slQpe and start of fore-reef environments 

li 'i: 60 t 0 6 5 f e e t (18. 3 - 1 9 . 8 m), de p th. , 
" .. 

!t; 

(Photographs co~rtesy q.f ,R.' Boulanger,' Atla~tic Oceà'nographlc, 
Laboratory, Bedford Institute, Dartmouth, Nova SCQtia) 
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UPPER REEF SLOPE AND REEF CREST ENVIRONMENTS, WATER~NG 

BAY BARRIER REEF. 

A: Front of re~f crest between traverses 5 and 6 in watér 
depth of 7 feet (2.1 m). RedQalgal coated coral roèk is 
encrusted with the bladed growth form of' the hydrozoan 
Millepora. Most of the coral rock appears to~have been 
formed originally by Monta8tre~ annularis of which a rem
nant knob is seen towards the top of the photograph. 
WeaklY oriented to unoriented grow'ths ~f "cr'opora palmata 
(right foreground and background of phatograph) are 
scattered throughout this environment to a depth of approx
imata] y 10 feet (3 m). 

B: Reef slope nea~ base of a cliff between traverses 5 
and 6 in 25 (7.6 m) w4ter depth. Coral rock with living 
Montastrea annularis and a delicately branched growth 
form of Milleppra .. ,Abundant gorgonians and sponges. 

, ' 

C: Reef crest immediately behind front ridge of red 
aigai encrusted coral rock. Between traverses 5 and 6 in 
2 feet (0.6 m) water depth. Unôriented g-rowth form of 

'peropora p'a1mata to 't'he right in the photograph. Porites 
porites and porite.s astreoides are the .other abunda,nt . 
corals. 'Stiek i!\ marked in inch (2.54 cm) and foot (0.3m), 
in,l:erva·l s. 

D: B<Tulder fIat on lagoo-nward half of reef crest on 
appoximately traverse 9; Depth 2 feet (0.6 m). Red a1g'ae 
encrusted boulders, derived mainly from Acropors pa1mata, 
average 4 ta 6 inches (10 to 15 cm) across. Large boulder 
in centre has sent out a smaii braneh of living Aero 

.:.;..;;~~;....;;,..;:..". 

palmata. Abundant ealcareous green.algse Halimeda 
(foreground of photograph). 

, , 

. t: 
.. ' • ~r." j • 

\, 

ç 

o 



~~';'..~lo! f ' .. _~"""~~_ .. , .. ~ ........... _ .. _# ... ,,...-_._~~ _____ ...... __ ~ .. ,!ilPA'WDc)' jl\'A'f1""" l'Jk"l'!f'!!I4n Y!Utll he. 

r 

« 
, , 

, , 

Q 

: . 



F -
~ 

'II 

i; t, 
~ , 
l' ~ 

t 
I~ , 

, ., .' , 

! 
\ 0 f 

l • t 
t I? 

f '. , 

, 
" 

.' .. 
.. 

, , 

,f 
i ' 
l 

1 
-' 

-, 

PLATE 
BACK 

.. 

6 : 
EDGE OF 

<> 

~\ 202 

"" 

0 .. 
REEF CREST:, 

~ , 

A: Near lagoonward margin of bOll"lder fIat on reef cres,\: f.ll 
Watering Bay. Depth 2.5 feet (O.'7b m). Red algal encrust-
ed èoral rubble (Porites porites and Acropora palrata) wit't· 
i..,nterst.ltlal sand. Abundant macro&:copic green algae 
(?Cladophora) . 

',. 
B : Ab ru p t 1 a g 0 0 n w tI rd e d g e a f r e e f c r~ s t d n t: r a ver s e 18 1 n ,...... 
Grand ~y. Depth to s81\d IL feet (3.4 m). 'Al_gal encrust-
ed cora" rock originallyl"Manta's'trea annularl's which ls still 
grow~ng near.the top. Acc~sory carals are mainly Diploria. 

o ' * 

C~ 'N~ar lago6n~Jrd edge of r°e,ef crest' in triCjkle zone 
between traverses 8 and 9 in Watering Bay. Ridge composed 
o'f Acropora palmata. o~erturned·A .. palmat'a at"5 feet 
(1.5 m) depth in coral gravel and coarse sand floored 
clyànnel. ~ 

, ' 

D: Unstable ,sand behi,nd reef crest boulder fIat just north 
lOf traverse 6 in Watering Bay. Depth 2 feet (0.6 m) .. 
Symmetrical. rounded, wave rip'pl~s are perallel to the reef 
c'rest which ~s to thé lelft of the photograph. Pole is 
marked in ] inch (2.54 cm) interva~s/ 
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PLATE 7: 
WATERI~G BAY LAGOON ENVIRON~NTS. 

, 
A: Unstable sand e..J)l'ironment with Porites rubble, sea 
plants and cresce,otic, irregular, current ripples. 
D~pth approximately 10 fàet (3 m). 

B: Loggerhead sponge in approximately 15 f"eet (4.6 m) 
water depth in-north-central Watering Bay. Uns table 
sand environment. 

,C: • ,Sediment trap assemb1y in place in unstable sand 
envlropmellt in centralOWatering Bay. W'at~r dePt.h Il 

, 

.;'" f e e t (3. 4 m). Cu r r e n t - i s f r 0 DI the ri g h t ' in the ph 0 t 0-
g raph.· N'o te' cIo th me sh bag 8 b1.110wing to' the lett 0 f 
_th~ sediment tJ;ap boxes which are stacked 6. inches ' 
(1 5 • 2 cm) h i g h .- . \ 

Dr Sh9reward Thal~ssia ~e~ in appr~Xlmate~y '5 feet 
(1. 52 m) wa te r dep th on t ra\Te'rse~.. .! 
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PLATE 8: 
wATERrNG~BAY LAGOON AND PATCH REEF ENVIRONMENTS. 

A'and B: , 
N.ol'th end of Grant! Cay pa tch ree f at 3 fe"e t (1 m) 

water depth. Thick fi~~er coral i8 Porttes pori tes. 
Thin finger coral in lower right of A is Porites 
div~ricata. I.umpy ''Coral head in centre of li. , is Porites 
astreoides. S..J?'iny sea. urchin ,to top of B is Diadema 
~ntillarum. Abund~nt calcareous green aigae Halimeda 
opuntia .1s v~sible amongst the corals in b~th A and a. 

, , f 

, , 

c: Stablé, burrowed sand adjacent ta shoreward Thalass1a 
bed 'shoreward 0A Grand Cayo {later depth 10 {eet (3 m). 
Abundant Cladopkora a~sociated with Thalassia. 

D: Shoteward' Th~lassia bed' n~ar traver~e 8 fn 6 feet 
(1.8 m) water depth. ,stiall clump of Porites PQri,tes 
top c~ntre of photograph approximately 6 inches (15.2 
cm) high. ~ 
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PL'ATE 9: 
GRAND BAY LAGOON ENVIRONMENTS. 

A: sict-ree! unstable sand fIat a~ 12 feet (3.7 m) water 
d-epth. Regular wavé rtpples are 1 foot (0.3 m) 'crest to 
crest and,4 tnches (10 cm) hlgh. Looklng tow'ards teef. 

, ., 

B: Slo~e frQm baek-reef unstaole san fIat to stable sadd 
of deeper l~goon. 

C and D: l ' 
Stable Band environment of tRe deéper lag'oon on traverses 

17 and 16'~e~peetively: Water ~th8 21 to 24 feet (6.4 to 
'7.3 m). Grasses are Diplanthara and tolerpa. Abundant 
calcareous green aigae: U~otea, Peniciilus and Hallmeda. 
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APPENDTX 1 

GRAIN 8IZE ANALY818 

Wet ssmples, which had 'been .stored in the field in bottles 

wi~h a few drops of.formalin, were split by quartering on a 

glass plate until a representative sample weighing approximately 
" 

50 gm had been obtained. The sample was then treated with 

bleach (sod,um h~pochl~rite) to br~ak down and remove"organic 

matter. 'We,t sieving through'8 U.5.8. 230 mesh ·(62.5)0') 'sie've 

washed the ssmple and separated grain siles finer then 4 phi, 
' .. 

which were tecovered by washing through a Millipore vacuum 

filter. 

• 
The s8m~le coarser than 4 phi (62.5~) was dried and sieved 

into half-phi size intervals on··a Tyler Ro-Tap machine. The 
\. 

pan fraction, passin~ through the U.8.8. 230 mesh sieve. was 

added to the w.t sieved and filte~ed fract!on. 

The grain Siz~ fract~ons w~re tgen weighed. A simp le ,com-

puter pr~gram wa8 de~ised to transform~the w~ight and size data 

in,to individual and, cumulative' weight pereentagesj t.o ca1culate 

the phi arithmetic mean, standard deviation, skewness and 

• • kurtosfs (moment measurps given by Friedman, 1967); to calcu-

late ~he percentages of gravel, sand and· mudj and te> classify 

ac:::cording t:o Folk's (1968) texturaI classification. 

In the fol1owing table a samp1e ide~ification code ls 

use d . The fI r s t nu m ber (1 t 0 167) 1 den tif i est h e 10 cati 0 n' a f 

the samp1e (Chapt. 1, Fig. 3). An "5" and a number follwing . 
the location number signifies a sample taken from below the 

sedll1lent surface and gives the depth in cm: "TH" signifies a 

samp1e from a Thalassia bed. "ST" s~gnifies a sediment trap 
, .9 

.. ·111"* 
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sample (lfSTAIf-seqiment surface sample, "STB"-t~ap sample 

o and 2" (0 and 5 cm) above surface, "STC"-trap sample b 
. 

2 an~ 4" (5 and 10 cm) above surfa~, "STD"-trap _sample b 

$-' -
4 and 6" (10 and 15 cm) above- surface, "S~EtJ-trap 8ample' between 

1 r 
3 and 5"(7.6 and 12.7. cm) above surface). "RT" denotes a ripple 

trough sample and "RC" a ripple crest, sample,. "a", 1Ib", "c", 

etc. following the location, number signify samples taken in clo'Se - , 

proximity to one another. Diffeteoces are, usually io~er -

d~pth o~ a slope or in'elevatio~ 00 a heach. 

SAMPLE 
1 
2S3 
3 
4 
S' 
6 
7, 
8 
9 
10 
Il 
12 
13 
14 
lS 

~t 
20 
21 
22 
23 
24STAI1C 
24START 
24ST .... IB 
24ST-IC 
24ST-ID 
24ST-2B 
24ST-2C, 
24ST-2D 
24ST-3 B 

WATER 
DEPTH 

(M) 
18.3, 
10.7 
20.4 
17.4 
23.8 
7.6 

11-:- 6 
1] .6 
lS.2 
11.9 
10.7 
] 9.8 

. 9.1 
10.7 

'14.9 
9.4 
8'. 5 
6.-4 .. 
6.4 
6.4 

13 . r-
8. 5 
4.9 
4.6 

If 

Il 

" 
" 
Il 

Il 

" 
" 

% 
GRAV. 

3.,,09 
1. 86 

22.94 
0.34 
1. 82 

"6.05 
0.20 
0.16 
1. 46 

21. 
8.09 
3.31 
0.18 

Il. 22 
0.41 
0.00 
0.S2 
7.79 
0.85 
0.13 

7 S'. 57 
1ll.43 
1.38 
0.64 
1. 78 
0.65 
0.00 
0.30 
1. 76 
0.24 
0.00 
0.51 

% 
SAND 
96.68 
94.37 
76.72 
99.32 
97.8~ 
93.51 
93.52 
9 5.24 
98.32 

7.94 
9l. 
96.38 
99.30 
86.90 
99.30 
94.68 
99.33 
92.07 
98.91 . 
99.46 
23.54 
99.04 
98.51 
99.25 
98.13 
9,8.70 
96.98 
94.91 
'97,79 
98.06 
97 '.27 

, 98.64 

% 
MUD 
0.22 
3.77 
0.,3 4 
0.34 
0.37 
0.44 
6.28 
4.60 
0.22 
0.35 
0.34 
O. 
0.53 
1. 88 
0.29 
5.32 
0.15 
0.13 
0.24 
0.41 
0.89 
0.53 
0.10 
Ô.10 
0.10 
0.65 
3.02 
4.79 
0.46 
1. 70 
2.73 
0.8 S 

MOMENT MEASURES 
MEAN 

o 
1. 03 

. 1';34 
-0.33 
, 0.76 
0.82 
0.95 
2.23 
2.20 
1. 57 
0.36 
0.42 
0.86 
1. 69 
1. 17 
1. 70 
1. 8 5 
1. 19 
0.44 
1. 25 
1. 83 

-2.62 
1. 86 
0.82 
0.85 
0.66 
0.79 
2. 17 
2.48 
0.72 
1. 96 _ 
2.29 
1. 60 

, ~' .. , , 

STND. 
DEV.0 

1. 03 
1'.37 
2.12 
0.,73 
0.9,0 
1.29 
1. 34 
1. 23 
1. 01 
2.25 
1. 32 
1. 04 
1. 04 
1. 99 
0.80 
1.35 
1. 05 
1. 10 
1. 10 
0.99 
2.75 
d.89, 
0.99 
0.79 
0.96 
0.98 
1. 03 
1. 00 
1.13' 
1. 04 
0.96 
1. 17 

SKEW. 
-,0.73 

0.87 
~0.96 

1. 04 
0.36 

-1. 52 
0.34 

~ 0.33 
-1 ~38 
-0.88'" 
-1.74 
-1.55 
-0.30 
-1.15 
-0.36 

0.73 
-0.03 
-0.05 

_ -0.01 
-Q.. 32 

1, 20 
-0.40 
0.11 
0.22 
0.43 
1. 12 
0.33 
0.57 
0.81 
0.06 
0.30 

-0.05 

KURT. 
4.96 
4.37 

'2.73 
8.51 
S.03 
7.62. 
3.50 
3.77 
8.44 
2,50 
7.59 

10.64 
3.06 • 
4.62 
4.79 
3. 73 
2.30 
3.65 
2.49 
3.01 
2.86 
4.67 
3.13 
3.82 
3.04 
5.60 
5.05 
6. 19 
3.,64 
4.37 
5. 53 
2.8'4 

-----
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l C WATER MOMENT MEASURES 

- DEPTH % % t% MEAN STND. 
" SAMPLE ~M~ GRAV. SAND MUD f/J DEV,.0 ·SKEW. KURT. 

'24ST-3C 4.6 0.37 98.67 0.96 1. 67 1. 09 -0.01 3.38 j 
24ST-3D " 0.11 98.51 1. 39 1. 93 1. 02 -0.01 4.06 1 

25 22.3 1. 91 97.85 0.24 0.66 0.72 0.34 -8.47 , 26 11. 9 0.\09 9'9.75 0.16 0.84 0.62 0.89 7.78 
27 2 ~ 1 6.03 91. 69 2.28 1. 16 1. 44 . 0.'39 3.32 
28 2.1 0.70 98.75 0.55 2.06 1. 00 -0.91 4.53 
28TH " 0.52 97.13 2.35 1. 75 1,.22 0.32 3.60 " 

, 29 3.4 10.63 88.96 0'.42 0.25 1. 44 -1. 06 5.39 

) i 30 3.4, 4,64 95.02 0.34 0'.76 1. 19 -0'.43 5.0'6 
?' 31 2 . 1 0.61 99.21 0.18 1. 59 0.70 -;-1.42 11. 30 " 1 

32 0'.6 3 -1.39 68.29 0.31 -0'.67 1. 73 -0.63 3. 12 J 
f 33STA 3.4 8.06 91.42 Ô.52 

fi> 
0'.52 1. 17 \ 0.16 4.42 , 

33STB " 1. 31 98.31 0.38 1. 44 0.93 -O. 10 4.67 

t 33STE " 1. 14 97.35 1. 51 1. 88 1. 05 O. 17 4.88 
., 34STA 3.4 2.40 97.45 .0.15 0.82 ' 0.97 0.12 3.22 

34STB " 0.52 99.39 0.09 1. 81 0.91 -0.74 3.78 
34STE " 0.21 99.43. 0.35 2.04 0.0'8 ... 0-.49 5. 16 
35STA 3.4 I.~8 98.48 0'.34 1. 04 1. 08 0.26 3.24 
35STB " 0.27 93.67 6.06 2.80 0.98 0.41 6.15 
35STC, " 0.13 94.10 5.7 7 2.79 0.92 0.82 6.32 

~ 35STD " 0.10 88.56 11. 34 3.08 1. 05 0.80 4.60 
36 1.2 45.68 54.32 0.00 -0.98 1. 0'3 -0.17 3.31 
37 3.0 46.25 53.75 0.00 -0.90 0.98 0.14 3.15 
38 18.3 51.00 48.98 0.02 -0.97 1. 44 -0.21 :3.02 J 
39 0.0 0.01 98.57 1. 41 1. 99 0.95 0.73 4.21 
40' 3.0 0.27 97.07 2.66 1. 62 1 . 1'6 . 0.79 4.65 
41 3iO 19.08 76.95 3.97 0.93 2.29 -0.50 2.83 
42 2.4 0.00 97.48 2.52 1. 84 1. 13 0';51 4.21 , 42TH " 0.47 93.96 5.57 2.23 1. 33 0.22 3.44 

J 43 3.4 2.97 96.13 0.90 1. 20 1. 20 -0.01 3.80 . 
t' 44 4.0 0.10 99.76 _ 0.14 1. ~2 1. 00 O. 17 2.39 
J 45 3.7 0.88 98.79 0.33 1. 13 1. 04 0.11 '3.02 

Y. 46 3.0 3.74 96.14 0.12 1. 02 1.,12 -0.42 2.98 
,: 47 1. s- Il. 97 87.. 3 5 0.6'8 0.58 1. 36 0.40 3.21 

48 1.8 0.74 87'.21 12.05 2.46 1. 61 0.21 2.64 , 
49 2.1· 0.43 9 5.53 4.03 1. 84 1.36 0.43 3.39 \ 

" 50 5.2 16.40 82.71' 0.89 0.32 1. 43 0.01 3.94 ' : 
51 4.6 0.J5 95.34 4.51 . 1. 97 1. 27 0.59 3 ... 91 
52 ? . 1 '7. 12 92.27 0.61 1.04 '1.38 -0.64 4. 19 
53 1.5 17 .00 82.65 0.35 0.21 1. 45, -0·t 6 . 3.59 
54" 10. 1 6.56 ,93.16 0.28 0.16 0.82 0'.45 7.99 
55 13 . 7 9.27 90'.52 0.21 0.27 1. 47 -1. 80 6.82 

! . 56 17 .7 40.27 59.50 0.23 -1. 21 2.26 -0.39 1. 77 

1 
57 1.2 9.78 79.95 10.27, 1.33 1. 99 0.66 2.66 

f 

58 1.5 24.13 73. Il 2.76 0.69 1. 95 -0.12 2.78 
59 5.2 7. 08 91. 63 1.29 0.27 .1_.,06 1. 57 9.09 
60 2.7' 6,.72 90.00 3.28 1. 33 1. 56 0.26 3.10 

i 61STA 4.0 3.77 95.79 0.44. 0.91 1.11 0.00 3.83 
j" (). .. 

61STB " 0.38 97.91 1.7 1. 98 0.93 0.32 &.40 , 
'61STC " 0.24 96.78 2.9 2.24 0.93 0.83 6.48, 

" 61STD 0' 0.11 95.24 4.6 2.39 0.99 1. 01 5.93 

p 
\ 

-, ., ).1J~'t~l!l-,>~~L~ ~~J"""---'--- -.... ----.,~~ ~ ~...--""'---- < .1 j - ~t""- -- - -.-- ._-----~-~-
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MOMENT REASURES "- WATER 
DEPTH % % % MEAN STND. 

SAHP'LE {M2 GRAV. SAND MUD 0 DEV.0 SKEW. KURT. 
62 4. {) 8.89 90.98 0.13 0.01 0.82 -0.38 7.24 
63 20.1 1,5.34 84.24 0.4Z -0.06 1. 64 -1. 28 4.78 
64 19.8 26 .. 27 13.53 0~20 -0.52 1. 84 -0.85 2.72 
65 23.5 23.49 75.85 0.66 -0.42 1. 63 -0.61 3.79 
66 6.1 0.67 89.31 10.02 2 . 6.0 1. 45 0.03 3.30 
67 9. 1 ' 1. 57 96.49 1. 94 1. 25 1. 26 0.73 3.96 
68 5.2 17. &9 81. 96 0.35 0.16 1.156 -0.84 3. 7 5 
69 4.0 16:78 82.74 0.48 0.24 1.45 -0.42 3.74 
70 2.7 10.91 88. 17 0.92 1. 38 1. 67 -0.5-1 2.50-
7ISTA 4.3 8.-61 90.58 0.81 0.67 1. 31 -0.18 4.80 
71STB \1 1.24, 98.74 0.02 1. 37 0.79 -0.92 4.60 
71STE • I~ 0.76 ' 99.20 0.04 1. 40 0.73 -0.88 4.71 • t 
72STA 3.0 26.00 73.45 0.56 O. 17 1. 59 -0 .. 03 2.91 

'. 

1 
~ 72STB \1 4.07 95.77 O. 16 1. 78 1. 07, -1. 99 9.07 

!I 
72STE " 0.20 99.72 0.08 1. 85 0.53 -0.48 8.82 

.<[:"-, 

73 ST! . 2.4 10.61 88.77 0.62 1. 00 1. 52 -0.77 4.06 
73STB " 6.38 93.46 O. 16 '1. 08 1.11 -0.72 3:50 
73 STE " 0.34 99.56 0.10 1. 79 0.62 \ -0.59 7.50 
74 1.5 7.25 92.34 0.41 0.52 1. 07 0.13 4~2 
75STA 7.9 31. Il 68.76 0.13 -0.68 1. 81 -0.69 2.57 
75ST'B If' 10.20 89.59 0.21 0.20 1. 01 0.67 '4.08 
75STC " 1. 28 97.88 0.84 0.88 1 1. 03 0.78 5.44 , 
7SSTD " 1. 71 96.84 1. 45 1.07 1.11 0.82 5

1

.43 
~ 76 ·,2. 1 13.30 86.28 0;42 0.28 1. 20 0.28 4.04 4 

77 3.0 43.03 56.74 0.22 -0.86 0.80 1. 4 5 12.65 
78 9.1 8.45 91. 4 5 O. la 0.00 0.73 -0.22 6.99 
79 . 19.2 16.50 83.38 0.~2 0.26, 1. S4 -1. 21 4.09 
80 0.0 0.03' 99.57· 0.40 1. 76 0.98 0.41 2.70 
81 2.7 ·3.42 94.87 1. 70 1. 03 1. 42 0.66 3.13 

f ;, . 82 8.5 0.19 91.'57 8.24 2.33 1. 52 O. 17 2.70 ". 
~ , 

~ 83 13.7 0.03 98.69 1. 28 1. 52 1. os 0.61 4.28 l 
r 
1 84 2.7 39.86 59.86 0.26 -0.79 2.67 ... 0.29 1.68 
1 85 ,18.3 2.3'0 97.52 0.18 0.69 0.74 0.08 6.41 

86 3.4 5.50 91. 07 3.43 1.13 1. 44 0.75 4.28 
87 3.4 4.38 94.46. 1. 16 1. 27 L09 -0.59 7.57 
88 8.8 5.60 93.98 . 0.42 0.94 1. 15 -0.03 3.13 
89 10. 1 7.65 91. 93 El.4'2 0.28 1. 19 -0.44 7.08 
90 19.2 .0.07 99.82 0.11 1. 3.9 0.47 0.01 11.84 
91a 15.2 a.31 91.45 0.24 -0 .. 23 0.65 2.05 18.46 
91b 18.3 1. 36 98.58 0.07 0.46 0.55 0.18 8'.84 
92 5.2 1. 76 98.14 0.10 0.47 0.69 0.40 " 5.99 
93 15.2 0.13 99.66 0.21 , 1. ~3 0.67 -0.,05 5.94 

,94 18.3 9.04 '90.76 0.21 0.28 1. 03 -0.91 6.44 
95 18.3 2.70 97.18 '0.12 0.67 0.83 -0.19 4.50 
96 24.4 10.90 88 ~81 0.29 0.51 , 1. 46 -1.19 4 'Q97 
97 3.4, 4.42 95.04 0.54 1. 10 1. 24 -1. 31 7.61 
98 4.9 11. 06 88.45 0.49 0.44 1. 40 "-0.68 4.86 

: of Cl 99 8.5 39.74 58.7'0 1. 56 -0.66 1.19 0.62 4.44 
100 <7.6 7.91 ' 92.00 0.09 0.73 1. 06 -0.59 3.95 
10,1 0.0 0.00 99.93 0.07 2.34 0.47 0.09 4.49 
102 4.3 0.00 98.89 1.11 2.07 0.98 0.03 3.68 
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SAMPLE 
103 
104 
105 
106 
107 
108a 
108 b 
108e 
10BdSl 
JOBe 
108 fS 5 
108g 
109 
110 
III 
112 
113 
~14 
115 
116 
117 
llB 
119 
120 
121 
122 
123 
124 
125 
125A 
126RC 
126 RCRT 
127 
126 
129 
130RC 
13 OR'U 
1318 
1,31bS13 
132 
133 ' 
133TH 
134 
135 
136 
1378 
13 7b 
Il7e 
137d 
137 dS7 

WATER 
-DEPtH 

(M) 
3.4 
6.7 

11.0 
5.8 
3.0 

+1.2' 
+1.5 
+0.9 
+0.9 

0.0 
0.0 
0.3 
4.3 
2. 7 
4.6 

12.2 
1~.6 
3. a 
3.4 
3.4 
6.7 
8.2 
9.4 
3.7 
2.7 

13.4 
12.2 
9.1 
3.7 

Il 

3.4 
Il 

3.4 
7.0 
4.9 
3.4 

Il 

0.0 
11 

2.7 
4.9 

If 

7.6 
6.4 
6.4 

5~B 

" 4.3 
4.1 
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MOMENT MEASURE S 
1. % 

GRAV. SAND 
11.63 88.00 

4 . 12 • 95. 13. 
0.02 97.87 
3 .03 95. S3 
0.11 '99.82 
0.00 99.38 
0.00 99.84 
0.00 '99.91 
0.00 99.90 
0.00 '99.23 
0.13 99.8.3 
2.80 96.79 
0.67 '82.27 
9.45 86.61 
4.3188.10 
0.03 96.63 
0.56 89.43 
5.47 94.45 
0.86 99.03 
3.5891.15 
1.74 88.27 
0.06 96.66 
0.04 93.15 

16.75 81.82 
29.59 69.33 
0.00 97.04 
0.11 94.61 
0.03 97.61 
2.08 9,7.84 
7.19 92.71 
0.7399.16, 
6.83 93.,06 
5.B1 93.92 
O. 14 ' 97. 07 
1.86 97.34 
1.61 98.36 
5. 6.~ ~4. 2-3 
0.00 99.84 
8.30 91.67 
3.34 96.32 

-' '1 . 9 6 97 . 62 
0.25 94.41 
0.0393.56 
0.05 99.55 
0.05 96.70 
0.84 96.34 

66.39 31.82 
9.90 B7.43 
2.37 97.23 
0.92 98.61 

% MEAN STND. 
MUD 0 DEV.~ 
0.37 0.55 1.5 
O. 75 1 .87 1. 14 
2.11 '1.94 1.20 
1.44 1.26 1.30 
0.07 1.96 0.51 
0.62 1.73 0.92 
0.16 2.06 0.69 
0.09 2.30 0.54 
0.10 1.75 0.71 
0.77 2.52 0.73 
0.'03 '1. 3 2 0.87 
0.40 1.27 1.35 

°17~06 2.86 1.64 
3.94 .1.30 1. 93 
7.59 1.28 1.76 
3.35, 1.80 1.25. 

10.01 '2.88 ~.44. 
0.09 0.44 0.93 
0.11 0.29 0.52 
5.28 1.86 \ 1. 72 
9.99 2.25 1.73 
3.2B 1. 57 l.:p 
6.BO 2.22 1.50 
1.42 0.93 1.87 
1.08 -0.16' 2.09 
2.96 1.98 1.33 
5.92 2.56 1.29 
2.36' 1.87 1.35 
O.O~ 0.83 0.9i 
0.10 1.35 1.39 
0.11 0.99 0.88 
0.12 ,0.81 1.17 
0.27 O~51 1.16 
2.80 2.27 1.29 
O.OB 1.99 L29' 
0.03 1.38 1.11 
0.15 1.03 ~ 1.33 
0.16 2.16 ' 0.80 
ci.'03 0.28 . 1. 04 
Or35 0.99 1.09 
0.42 1.40 1.31 
5.34 2.45 "1.35 
6.41 2.50 1.34 
4.40 2.37 1.26 
3.24 2.22 1. 33 
2.B3 2.35 1.38 
1.78 -0.91 2.02 

~ 2.68 0.99 1.78 
o . 4 l '0 . 79 1. 2'6 
0.48 1.81 1.13 

.' , 

SKEW. 
-0.73 
-1. 15 
0.30 
0.21 

-1. 15 
0.20 

-0.17 
-0.16 
0.42, 

-,0 .• 73 
0.30 
0.09 

-0.04 
-0.94 
0.88 
0.69 

":0.42 
-0.40 

1. 03 
, 0.07 

'0.10 
JJ. 71 
0.23 

-0.40 
-0.37 
0.20 

-0.03 
0.22 
0.06 

-1.57 
0.20 

'..::.0.35 
0",63 

-0.22 
-0.65 
·-0.41 
-0.17 
-0:08 
0.68 

-0.15 
-0.83 
-0.10 
0.10 
0.19 
.0.00 

" 

":0.42 
1. 28 
0,45 ': 

-0.62 
-0.45 

1 
'j 

KURT. 
~.89 
5.26 
3.17 
3.97 

10.06 
3.80 
3.91 
4.35 
3 .• 72 
4.83 
3.00 
2.21 
2.54 
4.92 

, 3.19 
.3.81 
3.52 
5,27 

14.44 
2.32 
2.39 
3.60 
2.,65 
2.74 

\ 2.83 
2.84 
3.0B 
2.63 
3.20 
5',47 
3.45 
3.22 
3.46 
2.9'2 
3.15 
2.34 
2. Il 
2.78 
3.83 
4.51 
5.61 
3. 10 
2 •• ~9 
3.05 
2.64 
2.95 
3.95 
2.30 
3.05 
3.02 
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r WATER MOMENT MEASURES 
DEP,TH '7" i. '7. MEAN ST~D. 

1 SAMPLE ~M} GRAV. SAND Mun f/J DEV.f/J SKEW. KURT. 

117dS15 4.1 12.95 86.35 0.71 0.76 1. 59 0.26 2. 14 

,137dS18 " 1. 82 97.33 0.86 1. 59 1. 29 -0.21 2.61 • , 
\."137dS22 " 1. 3 7 96. 93;~ 1. 70 1. 66 1. 3 2 -0.01 2.93 

1 

• 
137dS25 " 1.17 96.61 2'.22 1. 81 1. 28 -0.08 3.35 

, 
137e 3.4 1 0.88 98.95 O. 16 1. 50 1. 03 ,""0.31 2.79 } 131eS6 Ir 10.55 89. ?3 0.21 0.88 1. 49 -0.47 2 ;119' 

137es13 " 8.94 90.77 0:29 1. 05 1. 47 -0.72 3.33 ""-. '" 

.\ 13 7 e S3 4 , " 6.03 93.01 0.96 1. 04 1.39, -0.02 3.02 

138RC 3.~ 0.~5 98.97 0.08 1. 02 0.94 0.11 -2.82 

.138 RT " 7.50 92.29 ,0.21 1. 28 1- 3 7' -0.62 2.18 

139RC 3.7 0.2.6 99.67 0.07 1 1.38 0.84 -0.12 3.12 
, 139RT " 5.65 94.22 0.13 1. 16 1. 31 0.51 2.85 

, 140 3.7 24.43 75.37 0.20 0.03 1'.54 0.02 2.64 
, ; 141 3.4 12.55· 86.65 0.08 0.89 , 1. 51 -0.04 2.43 

142 - 2.1 29·97 69.84 cr. 19 -0.59 2.22 -0.°61 2.04 

143 2.4 20.81 78.75 0.44 0.34 1. 45 0.18 2. 44 

14~ 2.4 3.93 91.32 4J-:-75 1. 42 1. 45 0.58 4.80 

145 5.2 1~. 59 87.09 0.32 1. 08 1.59 -0.73 3.06 

146 7.3, 0.11 96.42 3.47 2.38 1. 29 -0.08 2.75 , 

147 . 7.3 0.00 98.21 l. 79 2.18 1. 20 -0.05 2.74 

148a '" '1.6 2.14 91.23 6 ;63 L50 1. 50 -0.43 3.43 

148 b " 7.3 ,0.96 97.80 1. 24 1. 47 1. 26 0.41 2.98 ~ 

148c 5.8, 0.34 99.31 0.35 2.16 0.94 -0.81 4.13 

1;9RC , 4.7 0.28 99.66 0.06 1. 49 0.89 -0.20 2.78 

149RT , " 1. 67 98.12 0.21 1. 57 1.13 -0.51 2.77 ,j 
150Re ',4.0 0.15, 99.73 • 0.11 1. 42 0.8Z ~). 05 :r.1,4 

. 1 SORT " 1. 89 98.00 O. Il 1. 63 1. 10 
. 
-1. 39 : 6.79 

. \ 151RC 4.3 0.27 99.65 0.08 1. 53 0.73 -0.30 5.28 

1 ' 151RT " 4.18 95.74 0.08 1.59 . 1. 19 -1. 13 4. 5~ , 
p 152RC 

, 
4l'O 4.7.8 94.89 0.32 lit 1. 26 -0.51 3.23 

.1 , 152RT fi 9.34 90.32 '-0.34 1. 1 1. 50 -0.49 2.45 
t 

, 
~ 153 4.0 ". 6.03 93.47 0.50 ci 40 1. 04 0.32 6.44 , 

2.\7 b.83 154 7.86 91.86 . 0.28 0.26 0.09 7.44 

155 2.4 19.85 79.48 0.66 0.5S 1. 96 -0.90 3.07 
c 156RC 5. S' 0.16 99.75 0.09 1. 40 p.83 -0.11 3. 18-
~ 

IS6RT " 0-. 11 99.69 O. 14 . 1. 54 0.92 -0.19 3.00 

157 7.9 0.54 98.32 1. 14 1. 95 1. 30 "-0.18 2.43 

158 7.011 1.0.1 98.02 0.96 }. 91 1. 18 -0.50 3.29 

159RC 6.7 
, 

0.,42 99.40 0.17 1. 57 0.95 -0.34 3.17 
159ltT " " 2.06 97.,67 0.27 1. 32 1. 22 -0.14 2,.32 

160RC 4.6 \~ 4.40 95.35 0.24 0.68 1.11 0.31 3. a3 '" 
16bRT " \ 14.29 85.47 0.24 0.70 1. 46 -0.18 ' 2.35 

. 
, 161RC 4.3 . 6.23 93.69 0.08 0.50 1. 01 0.08 3.57 

161RT " 33.68 66.20 0.12 - -0.07 1. 74 -0.09 2.07 

162 4.0 Il:94 87-.68 0.38 ' 0.40 1.30 0.51 , 3.15 
163 3.0 3.48 96.20 0.32 '0.45 0.8.7 0.77 6,59 

164 5.2 5.80 94.12 0.08 0.65 1. 08 -0.46 4.39 

165 5.2 25.01 74.55 0.38 -0.40 0,88 1:45 10.53 

C~ 166 1.5 1. 97 97:67 0.,36 0.63 0.78 o.- 51 7.72 

167 1.5 22.78 76.66, 0.56 0"; 48 1. 38 -0,'08 2.60 

\ 

, . 



, " 

,.~i;~f~i~~;.~:~ . .'~ . 

- 212 -

APPENDIX· 2 

CONSTITUENT GRAIN COMPOSITION ANALYSIS 

The grain àize fractions coarser than 3.5 0 (0.088 mm) in 

three representative s'amples from Grand Bay were analyzed for~ t 

,-' 

skeletal constituents. The three/samples were 138Rt, 138RC 
1 

, -and 136. The former two samples were ripple trough and ripple 

crest samples from the uns table sand fIat .and the latter sample 
'. " 

was from the deeper, wa:er of the stable sand envi:fnment .• 

The distance between location 138 and 136 was 625 feet (190 m)~ 
~ 

A total bf 354sub-samples (sieved grain size fractions) were 
.. 

analyzed .. 

The constituents of the coarser size fractiohs were usually 

recognizable u~der a binocular microscope. To identify the con-

stituents of the finer size fractions it was necessary to mount 

the grains in epoxy and grind them down so they would be ident-
.' 

ifiable under a light transmitting microscope. Grain counts of 

the avsilable grains in each size fraction,up to a total of 300 
eight 

grains ·for each fraction, were ,.divided into A classes as . 
10llows: . , Halimeda, corals, coralline algae, molluscs, Homotrema, 

1 

echinoderms, miscel1aneous (eg. crab fragments, forllminifera), 

and unknowns. 

Grain counts were normalized to percentages of each size 
. 

fraction. Each gra~n count percentage was then multiplied bi 
\, 

in the whole, original 
. J 

the weig~t peréentage of the size fraction 

sample.- The result was an estimate of the abundance of the 

given constituent in the given g)ain size fraction as a percent
\) 

age of the whole sample. 

.' ~ 

1 -~-__ ~- - .. _ r ~ .. ~ 

~ 1 6 f11, l' , ~ 

..:' ,~~~~ -':.~_: "".:,j;.;-~'l. 

\ , 
-" 

" 
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SÀMPLE J38R!;. - CONSTIT'UENT COMPOS ITION 

GRAIN 
S~ZE ,(PH 1) Cor. 
FRACTtObi , Ha 1- Co r. 'A1g .. Mol. ' Hom. Ech~ Mis. Unk. 

) 

-'::"2.0 to -1. 5 (Wt. '7. .. 0.08 ) 
G1,":ain Count 1 

,~ , , .. 
Pc t. of Frac. 100 
Pc t' • of Whole • 

i . ;'" 1. 5 te -1.0, (Wt. %, = 0'.88) , -, Grain Count 11 4 a9 6 1 3 
Pc t- of Frac. 32.4 11.8 26.5 17.6 2,.9 '8.8 
Pc t- of Whole 0.29 Q,.10 O. 2.3 0.15 0.,03. 0.08 

,.,/~ -1. 0 to.J.0.5 (W t. % ~. 19) 
\ .. 

~ :Grain Count 52 25 35 12 5 1 \ 2 , , , 
" Pc t.' of-Frac. 29.1 18.8 ' 26.:3 9.0- 3.8 . 0.8 0'.7 1.5 

Pc t. of Whole 1. 25 0.60 0.84 0.29 0.12 0.03 0.02 0.05 
,-'0: :2 to 0.0 (Wt. '7. = 10.04) 

,~- Grain Cou nt, 62. 90 88 23 10 3 2 22 
" 

: Pc t. of Yrac. ~O. 7 30.0 29.3 7.7 3.3 1.0 0.7 7.3 
<Pc t '.. 0 f Who le 2.08 3.01 2:94 0 . .77 p.33 Or 10 0.07 0.73 
0.0 to 0.5 (W t'. % = 17 . 28) ., 
Grai" êount ~3 0 100 94 . 26 12 5 5 28 - Pc t. o,f Frac. 10.0 33.3 3 1'.3 8.7 4.0' 1. 7, 1. 7 9.3 . 

, Pc t.·O f W'ho le LV -5.75- 5.41 \ 1. 50 0.69 0.29 0.29 1. 61 
, ,0.5 to 1.0 (Wt .. % =-17.46) 
G~ain Cou'n t 31 124 ~8g , ' 24 6, . 1 6 20 
Pc t. of Frac. 10.3 ~1.3 29.4" 8.0 2.0 0.3 2.0 6.7 

of' Wqole 1. 80 7.21 5.,13 "" 0 • .3 5 0,.05 0.35 1.17 Pc t. ,~.40 
" LO' to 1.5 (Wt • 'io'~= 20.47) 

., 
. 

·Grain C.bu nt. 2'6 116 "93 ·26 9 7 6 17 
Pct~ cif Fra1:. 8.1 38.7 .3LO 8~7 3'.0 2.3 i: 0', 5.6 

i Pc t. of Whole 1. 78 7.92 6 • .3 5 1. 78 0,61 0.41 0.41 -1.15' 
" 1.5 t:.-o 2.0, (Wt. % 14.:'27) , 1 , = ! 
;, Grain- Count ,iO '134 89 '32 O .. 3 ,4 18 '1 pe t. o,f trac,_ 6.7 .42. 7~ 29.6 10.7 o· 1.0 1.3 6.0 

, Pet. of Whble 0.96 o.. O~ , 4.22 .1. 53 '0 0.14 0.19 0.86 
,G 2.0 te) 2 • .s (Wt'. 1- • 10.79) 

• , , Grai·n Coun·t ,39 160 47 '. i9 l 2 3 29 0 ,. 
pçt. of Frac. L3.0 5~. j . 15. 7' , 6 .. 3 '/1 0.3 0.7 1.0 9.7 
Pc t. ,o'f Who1e 1.40. 5.75 1:69 0.6,8 0.03 0.,08 O. 11 LOS 
2., to 3.0 ,(Wt'~ t .. 4.51) 
Grain Count 47 17l" ,376 8, 0 1 4 J 33 • PC t .' 0 f " l~. 6- 57'~ 0 12.0 :2.7 o· 0.:1 1~4 '11.0 Frac. . 
Pc t. of Whole. 0.70 2, • .57 ().54 O. 12 . 0 0:01 • 0.06 0.50 
3.0 to 3.5 (Wt. % ,.. 0.,88 ) 

.5- G rairi Coun t" 52 - 160 1.1 1~ 0 5 2 60 
O(J 

) Pc t. of'Frac. ll .. 3 ~53.3 .3.7 3;3 0, 1.7 .0.7 20.0 
Pet. o'f Whole 0.45 '0.41 ' 0.03, 0.03 0 0.01 O.~ O. 18 C) (j 

j. 
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SAMPLE 138RT - CONSTITUENT COMPOSITION / 
/ 

1 GRAIN 
1~3I ZE (PH I) 
FRACTION 
-3.0 to -2.5 
Grain Count 
Pet. of Frac. 
Pet. of Who1e 
-2.5 to -2.,0 
Grain Count 
Pet. 'of Frac. 
""ct. of Who1e 
-2.0 to(o-1.5 
Grain Count 
P G t. ofF ra e • 
Pet. of'Whole 
-1.5 to -1.0. 
Grain Count 

·p.et. of Frac. 
Pet. of Who1è 
-1. Q to -0.5 
Grain Count 
Pet. of Frac. 
Pet. of Who1e 
-O.S to 0.0 
Grain Count 
Pet ... Frac. 
,Pet.' of Whole 
0.0 ta 0.5 
Grain Count 
Pet. of Frac. 
Pet. of Whole 
0.5 to 1.0 
Grain Count 
Pet. of Frac. 
Pet. of Whole 
1.0 ta 1.5 
Grain"Cou'nt 
Pet. of Frac. 

. JtJpct. of Whole 
1. 5 ta 2.0 
Grain Count 
Pet. of, Frac. 
Pc t. of. Who,le 
2.0 ta 2.5 
Grain Count 
pet. of Frac. 
Pet. of Whole 
2.5 ta 3.0 
Grain Count 
Pet. of Frac. 
Pet. of Who1e" 
3.0 ta 3.5 
Grain Count 
Pet. of Frac. 
Pet. of Who1e 

,. 

Cor. " 
Hal. Cor. A1g. 
(W t. % ... O. 78) 

IJI 
(W t. % .. O. 54) 

1 
25.0 
0.13 

(W t. % "A-. 4 7 ) 
4 1 ~ 
18 • 2 4.6 18 . 2 
0.27 0.67 0.27 
'(W t. % ... 4. 7 1 ) 

'43 19 35 
32.3 14.3 26.3 
1.52 0.67 1.24 
(W t'. ,~ .. 5. 60) 
111 46 133 
i9.8 12.4 35.75 
1.67 0.69 2.00 
Olt. % .. 8. 14) 
63 62 107 
21.{) 20.6 35.6 
1.71 1.68 \ 2.90 
(W t. % .. 6. '] 2 ) 
47 64 108 
15.7' 21.3 36.0 
1'.05 1.43 2.42 
(W t. % = 7. 12) 
44 95 105 
14 .,7 3 1. 7 3 5. 0 
1.05 2.26 2.49 
(W:t. % .. 11. 8 1 ) 
33 101 104 
~1.0 33.0 34.7 
1.3 3.90 4.10 
(W t .• % ,. 15.08) / 
32 137 74 
10.7 45.7 24.7 
1.61 6.89 3'.72 
(W t. % ,. 19.60) 
25 147 74 
8.3 49.0 24.6 
1.6j 9.60 4.82 
(W t. % ~ , 13 . 7 7 ) 
29 1'51 43 
9. 7 50.3 14 . 3 
1.3.4, 6.93 1.97 
(W t. % - 4. 1 5 ) 
28 158 29 
9.3 52:7 ,9.7 
0.39 2.19 ,0.40 

Mol. 

4 
100 
0.78 

:3 
75.0 
0.41 

6 
27.3 
0.40 

20 
15',0 
0.7.1 

/~ 

Hom. 

4 0 
18.2 0 
0.27 0 

14 0 
10.5 0 
0.50 0 

Mis. 

3 
13.6 
0.19 

2 
1. 50 
0.07 

Unk. 

o 
o 
o 

44 27 0 
I1.827.3 0 
0.66 0.41 0 

11 0 
3,0 0 
0.17 0 

26 
8.7 
0.71 

21 
7.0 
0.47 

9 
3.0 
0.24 

11 
3.7 
0.25 

14 7 
4.6 2.3 
0.13' 0.16 

13 
4.4 
0.52 

6 
2.0 
0.24 

, 2 
0.7 
0.06 

4 
1.7 
0.11 

5 
1.7 
0.12 

14 
4.7 
0.38 

17 
5.7 
0.46 

18 27 
6.0 9.0 
0.40 .0.60 

9 
3.0 
0.21 

4 a 14 25 
8.3 
0.98 

1.3 4.6 
0.15 -0.54 

16 3 3 10 25 
8.3 5.3 1.0 1.0 3.3 

0.8'0 O. 15 ' 0 ~ 1.5, O. 50 

11 4 
3.7 :1.3 
0.73 . '0.25 

7 } 
2.4 
0.33 

1.1 
3.7 
0.15 

1 
0.3 
0.04 

o 
o 
o 

2 ,8 
0.7 . ~2.7 
'O. 14 0.53 

2 
0.7 
0.10 

3. 
1.~ 
0.04 

6· . 
2.0 
0.28 

1 

4 
1.3 
0.05 

... ,l, , " 

1. 25 / 
/ 

"29 / 
9.7 

. 1. 90 

1 -

61 
2'0.3 
2.80 .. 

67 
22.3 
0.93 

/ 
1. 

r , 
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SAMPLE 136 - CONSTITUENT COMPOSITION 

GRAIN 
Cor. S IZE (PHI) 

PRACTION • Hal. Cor. Aig. Mol. Hom. E (!h. .Mis. U~k. 
-2.0 to -1.5 
Grain Count 
Pet. of Frac. 
Pet. of ,Whole 

(Wt. i. • 0.03) 

-1.5 to -1.0 (Wt. i. = 0.03) 
Grain Count 
P~t. of Frac. 

·Pet. of Whol~ [ 
-1.0 to -0.5 (Wt. % = 0.62) 
Grain Count ' 12 7 14 
Pet. of Frac. 22.2. 13.0 25.9 
Pe t. of Who le .0.14 O. 08 O. 16 
-0.5 to 0.0 {Wt. % = 3.94) 
Gysin Count 55 100 56 
Pet. of Frac. 18.3 33.3 -18.7 

,Pet. of Whole 0.72 1.31 0.74 
0.0 to 0.5 (Wt. %./f" 7.86) 
~Grain count 60 112 60 
'Pet. of F"rac. 20.0 37.3 2.0.0 

è Pet. of Whole 1.57 2.93 1.57 
0.5 to 1.0 (Wt. % os 8.48) 
Grain Count 40 140 51 
pet. of Frac. 13.3 46.7 17.0 
Pet. 'of Whole 1.13 3.96 1.44 
i . 0 ta 1. 5 . (W t. % .. Il. 02 ) 
Grain Cou nt' 51 156 51 
Pet. of Frac. 17.0 52.0 17.0 
Pet. pf Whole 1.87 5.73 '1.87 
1. 5 to 2. 0 of· (W t. % .. 9.97) 
Grain Count '30 190 40 
Pet. of Frac., 10.0 63.3 13.4 
Pet. of Whole 1.00 6.31 1.34 
2.0 to 2.5 (Wt. % • Il.38) 
Grain C,aunt 68 '145 33 
Pet. of, Frac. 22.7 48.3 11.0 
Pet. of"Whole 2.58 5.50 1.25-
2,. 5 t 0 3. 0 (W t., % • 12. 19) 
Gtain C~unt 7a 14t 24 
Pet. of Frac. 26.0 49.0 8.0 
pet. of Whole 3.17 ,5.97 0.98 
3.0 to 3'.5 (Wt. % = 19.75) 
Grain Count 72 162 14 
Pet. of Frllc. 24.0 54.0 4.7 
Pet~ of Whole 4.74 10.61 0.93 

1 
1'00 
0.03 

19 
35.2 
0.22 

71 
23.7 
0.93 

50 
16.7 
1. 31 
~ 

43 
14.3 
1. 21 

23 
7.7 
0.85 

19 
6.3 
0.63 

13 
4.3 
0.49 

12 
4.0 
0.49 

8 
2.7 
0.53 

1 
1.9'0 ·0 
0.01 0, 

o 
o 
0-

l' 
0.3 
0.02 

o 
o 
o 

o 
o 
o 

o 
o 
o 

o 
o 
o 

o 
o 
o 

o 
o 
o 

3, 
1.0 
0.04 

2 
0.7 
0.06 

2 
0.7 
0.06 

l 
0.3 
0.03 

5 
1.7 
0.17 

3 
1.0 
0.11 

5 
1.7 
0.21 

4 
1~3 
0.26 

l' 
100 
0.03 . 

l' 0 
1. 90 0 
0.01 0 

8 7 
2.7 2.3 
O. Il 0.09 

9 

~
o 3.0 

o 16 0.24 

7 17 
2.3 5.7 
0.20\ 0.48 

5 \13 
1. 7, ~ .. 3 
0.19 0,\47 

6 
2.0, 
0.20 

9 
3.0 
0.34 - , 

4 
1.3 
0.16 

3 
1.0 
0.20 

, 

10 
3.3 
0.33 

29 
9. 7 
1. 10 

30 
10.0 
1. 22 

31 
, 12.3 

2.43 

/ 
, 1 

1 

[ 

\ 
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APPENDIX 3 • 

W~TERING BAY - CURRENT VELOCITIES 

AT FIVE FEET (1.52 M) 

-.... ....... 

~ .. 

Detailed ana'lysi~ of sediment trap and tidal current' data 

(Chapt. 6) d'emonstrated that in Watering Bay the 64th perctnt

ile of the boteom sediment grain size distribution is a close 
. 

approximation of t,he ,grain size boundary between bed and suspend-

ed load trànsport. This boundary refJ,ects the competence'-of the 

maximum current velocities. The 64th percentile may therefore , 
be used to obtein an approximation of the maximum shear ~elocity 

(u*) from 8 transport competence curve (Fig. 16) ... It was also 

found that the mid-point of the half phi grain size interval 

. -coarser than the coarsest int~rval (n the bottom sediment grain 

size distribution ia ~n approximation df roughness length (Z8). , 
From the above, and knowing the water depth, the maximum current 

velocity at any given depth can be calculated .from the von 
" 

Karman-prandtl equation for unidirectional flow over a hyqro-

dynamically rough boundary: 

Zg 

Where u is the average current velocity at a height z àbove 

'bottom, and kg 18 the von Ka~man constant (0.4). The above pro-

• >4' \ 1-

cedure was followed for aIl bottom sediment samples from 

Watering Bay to obtaih curren~ velocity values at a,depth of 5 

fee t (1. 52 m). The results are presented in Figure 37 and the 

following table. 

'l'he following code ls used in the table: Re '= ripple crest 
" 

sample, RT Q ripple trough sample, Thal, = Thalasaia bed sample, 

~BLM = no bed load movement, STS a shallower than 5 feet (1.52 m). 
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ROUÇH WA~ER DEPTH,'VELOCITY AT ! 

SAMP. 64th SHEAR VEL. LENGTH -S' ( 1. 52m) i 
, (1. 52m) 

,..-
f , NO. PERCENTILE u* (cml sec) Pi" (cm) z ( cm) u (cm/sec) -,-

1 1. 53 3.6 1.36 - 1.676 64 
2 1. 60 3.4 0.68 914 .1 
3 , O. 77 S.7 1.36 1,981 1.04 
4" 1. 01 5.0 0.34 1, 585 106 
5 1.! 15 4.6 0.68 2,225 93 
6 1. 39 ./)4.0 0.68 610 ,68 

7 2.69 1.5 0.34 1. OOti NBJ.,M 
8 2.63 1.5 0.48 1,006 NBLM, 
9 2.02 2.5 0.96 1,372 45 

10 1. 65 3.3 0.68 1,036 60 

11 
, 

0.90 5.3 0.48 884 100 
12 1. 19 4.5 0.68 2,134 91 

, 13 2.25 2.1 0.34 762 41 
Î 

1 14 2.09 2.4 0.68 853 43 
• 2.04 1 15 2.5 0.48 1.341 50' 

1 
16 2.22 2.2 0.24 762 44 
17 1. 72 3.2 0.34 

0

701 61 
i 18 0.89 5.3 0'.96 488 83 
1 19 1. 78 3.0 0.48 ' 457 51 

20 2.37 1.9 0.34 518 35 
21 -3.54 
22 2.23 2. 1 0.48 701 38 
23 1. 19 4.5 0.96 > 335 66 
24RC 1. 14 4.6 0.48 274 73 
241lT 0.96 5.2 0.68 274 78 

'25 ' 0..92 5.3 0.34 2.073 115 
'4 

26 1. 02 5.0 0.48 1,067 96 
j ,.. 27 1. 71 3.2 0.68 61 36 

i 28, 2. 51 1.7 -0.4'8 61 25 
, ! 

28Tha 1. 2.22 2.2 0.4'8 61 27 
29 0.'77 5.7 0.68 152 17 
30 1. 18 4.5 0.96 183 59 

. 1 31 1. 85 2.9 , 0.48 61 35 :., 

JJ 32 0.19 7.4 1. 36 ST5 r 

33 0.97 5. 1 0.68 152 69 
- , 

34 1. 20 4.5 0.68 183 63 
35 1. 42 3.9 0.96 18'3 51 

1 36 -0.58 ,10.2 1. 36 ST5 
37 -0.51 10.0 1. 36 152 118 
38 -0.44 9.7 1<.36 1,676 173 

3~' 2.20 2.2 0.34 st 5. 
40() 1. 98 2.6 0.34 152 40 
41 2.08 2.4. 0.68 152 32 
42 2.23 ' 2; 1 0.24 91 31 
42Thal. 2. 72 1..4 0.48 91 NBLM 
43 1. 71 3.2 "- 0.48 183 48 
44 1:62 ·3.4 0.34 244 56 
45 1. 60 3.4 0.48 213 52 
46 1.58 . 3.5 0.68 152 47 

("> 47 1. 03 4.9 0.68 S'T'S 
48 3.02 1.0 0.48 30 NB1,.M 
49 2.31 ' 2.0 0.48 46 23 
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, -- ROUGH WATER DEPTH VELOCITY AT 

C. 
--

SAMP. 64th - SHEAR VEL.· LENGTH -5' (L 52m) 5' (1.52 m) 
i ~ NO. PJ;:R\ENTILE u. '~cm/8ecl Z-o ~cml z ~ cm} u ~cm/secl 

! 
;, 50 0.90' 5.3 0.68 366 83 . 

0.68' . \ 51 2.33 2.0 305 31 
52 1. 7 5 3. l' 0.96 61 32 

. 53 0.69 '5.9 1. 36 ST5 
54 0.40 .6.8 0.68 853 121 
55 0.84 '5.5 0.96 1,219 9~ 
56 0.20 :7.4 1. 94 ~' l, 61 ~ 1?4 

·57 1. 78 - 3.0 . St5. 
58 1. 73 3.1 0.96 30 27 

·59 0.45 6.6 0.68 457 107 
60 1. 99 2.6 0.68 91 32 
61 1. 38 4.0 0.96 244 55 
62 0.31 7.0 

-$ 
0,.68 '244 103 

63 0.61 6.2 0.68 '1,859 123 
64' 0.48 6.5 0.96 1,829 123 
65 0.28 7.1 0.96 2,195 137. 
66 3.08 ST5 
67 1. 58 3.5 0.48 ST5 
68 0.91 5.3 0.68 366 83 
69 0.,89 5.3 0.96 244 73 ' 
70 2.40 1.9 0.96 122 23 
71 1. 16 4.6 1. 36 244 60 
72 0.92 5.3 1. 36 ,152 63 

, 73 1. 76 
'" 

3.1 0.96 91 35 
74. 0,52 6.4 0.68 ST5 ~i 75 .0.'22 7.3 0.68. 640 125 

1 
i 

:~ 
l ,'fJ 

r.,l 

t. 
1 

1 
1 , " 

1 
1 

!!> 

,,', " 

.. 

) 

. . 
~ ~ 1 _', ~ 

••• C" _,.~... ,l .. -.-

, .\fi 


