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A SHALLOWING-UPWARD SEQUE NCE IN A PLEISTOCENE COR AL REEF 
AND ASSOCIATED FACIES, SA N SALVADOR, BAHA MA S 

Abstract 

Brilln White, Karen A. Kurkjy,'l and H. Allen Curran 
Department of Geology 

Smith College 
Northamp t on, MA 01063 

The Sangamon-age Cockburn Town fossil coral reef comple x 
displaya a ve rtical sequence of fac ie s fro . coral reef an d 
c losely associated sub t idal carbonate sands, through beach 
c alcaren ites, t o eol i an ites. This upward change reflects s 
progressi ve lowering of s e s l eve l and t he even tual emergence of 
the reef comple x into a subae r ial e nvironm en t . The con t sct 
between upper beach sediments and eo lianites is st +4 m prO Viding 
a minimum fo r the s ea l evel high stand . Essentially in situ 
Acropora pa lmsts suggests a aea le vel of at least 5 to 6 ;-above 
present. These values are simils r to Sangallon-ag e hi gh stsnds 
repor ted from New PrO Vidence , the northern Bahamas, and Ber Buda. 

Nor t herly f lowing longshore cur ren ts deposited trough 
c ross-bedded carbona te ssnds around snd o ver co ra l heads , and 
this impl ies the exiatence of ancient San Sslvador during 
development of the co r sI reef comple x. Land lying to the east of 
the reef slso is indica ted by "esterty d ipping bes ch bedding. A 
larg e -scale , weaterly dipping , tabul ar c roa a-b ed ded se t of 
calcsrenite records the effects on the Coc kbur n To wn fossl 1 reef 
of s major storm or hurricsn e . 

The di a geneti c s eq uence from su bmarine aragoni te to 
fresh wate r vadose low-Mg c .. lcit e cement s re fl e c ts the emergence 
of t he reef comple x .. nd shows no evidence of subsequent imme r sion 
in marin e "a ters . The spsrsity o f phreatiC fresh " at er d iag e net ic 
eff e cts may be due to a poat - Sangamon ra pid fall in s es level 
similsr to th at recorded for the sa me time on Bermuda . 
Calichific a tion of all the faciea of the reef com plex s nd the 
deve l opment of r hio:ocr et ions resulted fro. exte nsi ve subaeri a l 
exposure and th e gro " th of s vegetst i ve Co ver respectively. 

Introduction 

Excellent exposures of a Pleistocene coral ree f OCCu r 

along a 650 m s tret ch of the "es tern coast of San Salvado r in t he 

1. Presen t sddress , Division of Marine Geology and Geophysics , 
Rosens t iel School of Mar ine .. nd At mosph eri c Sci e nces , University 
of Mi ami , Mi am i , FL 331 49 . 



.. icinity of Cockbu r n Tovn . 

fossil reef ar e i nclude d in Cu rr an and Wh l t e (A Fiel d Guide to 

the Cockburn Tovn Foasil Cor al Reef . th ia volu~e). 

Ada.s (1983) .ent inn ed t he foaail r eef in hi s gene r al 

account of the geolog, of San Sal .. a do r. a nd Moe hi er e t a l. ( 1979) 

provided an abat ract of pr e lialnary a nalysea o f th e corals and 

fac i e a o f ", 

( 1983 . 19810) . 

reef . S t ud iea o f trac e 

vith the reef vere 

ac i d 

foaails f oun d in 

repo r ted b, Curra n 

dattng of Chio ne 

ca ncellata a nd Ac r opo ra cerv i co rn ia f r oa the ree f gav e age s of 

120 . 000 to 140.000 ,ea r a and 75 . 000 t o 130 . 000 , ea ra re apectlvel,. 

(Care .... 1983) . The foaail cora l a and asaociated faclea for. a 

aingle shal l o ... ing-up ... ard 

love r ing of s ea l e vel 

sequence pr oduced duri na a progreaaive 

(White et a1. . 1984). San Salvado r i s 

eit he r tecto nical l ,. sta ble or s ub siding a l o vl ,.. pe r hapa at 

apprOlli •• te1r tile 3 • per 125 , 000 ,.ears f ound o n And roa hland 

(Ga rrett and Go u ld , 1984 ) . In eithe r case , the presence o f ~ 

sit u foaatl c orala up to 2 • ab ove preaent oesn sea le ve l iopliea 

a higher stand o f aea le .. el tha t co rre latea ... tth th e ... e ll-knovn 

San aa.on inte rglacial sea leyel r iae of 125 . 000 ,eara ago . 

The ellcell e nt ellpoa ure s o f th e ve ll- preae r¥ed fosail 

coral r eef and aa aociat ed f a ci e s (Curr ao and Wh ite . tllis vol use) 

pr o ., ide an unuaual o pport unit, fo r a detailed atudy of a 

Plei stoceoe r eef . ... h icll ... i ll add aigni fi ca ntlr to ou r knovl e dge 

of tile geolog1 o f San Sa lvador and the Ballaaa a. In the l~~edi!lte 

vic init,. o f the Cockbu r n To ... n foaail r ee f the r e a re pr eciael,. 



surveyed bench IIsrks . related to accurately measured lIean sea 

These provide .. convenient · datu," plane for level (Adams . 1983) . 

topographic 

elevations . 

surveying cOlllpsrison of former sea level 

~hich could serve aa a standard for San Salvador and 

neighboring Bahamian islands . 

The Shallo~in 8-Up~ard SeqUenCe 

Field observations at the reef lIite clearly IIho~ an 

up~ard sequence of lithologies ranging from in situ fosail corals 

through shallo~ subtidal and beach calcarenites to eolianites. 

Lateral interfingering of subtidal coral rubblelltone and 

calcarenites ~ith adjacent coralstone on one hand and beach 

deposits on the other demonstrates contemporaneous develop ment of 

different facies. Nevertheless . the overall vertical sequence 

only be explained as hav ing been depoaited during a 

progressive lo~ering of sea level, accepting that there ia no 

evidence for verti cal uplift of the area. These lithologic 

relationships are illua trated " profiles in Curran and 

White, Figs. 1. 2 . 4, 5, and 7 (this volume). 

3a-c, 

above 

Fine exalllpies of 1.n. situ corals (Curran and lihite . Figs . 

and 8d, this volullle) occur in the fOSSil reef up to 2 • 

present mean sea level (MSL) . Acropora palmata essentially 

in gro~th position, although perhaps collapsed, is found up to +2 

m (Curran and White, Fig. 6c. ab . th ill volume). Comparison with 

modern A. paillata gro~ing on the shelf around San Salvador 

suggests a minimuIII sea level of +5 to 6 .. at the tillle of· gro~th . 

Coral rubblestone cOlllllonly occurs adjacent to and partly 
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overl,ing 

volulle). 

the coralatone (Cu rran and White , Fig. 6. , this 

In lIan, cases co r al r ubbles ton es , 

corala t onea, ' are flanked and ove r lai n by aedlull to coarse . 

ahe ll" calca r enitea ~ ith abundant tr ough c r oaa-bedding . 

these ca lca ren it e a occu r as channel fi 11 aedi.ents 

(C urr an and Wh i te, Fig . S. , th is volume) and i n gene r al ~ere 

depoaited a a a.a ll linuo ul c r el t ed du ne l b, northerl, flo~ing 

currenta. Trace fo aaUa inc lu ding Ophiollorp ha ap. , belie yed to 

be produced by the bu rro~ing activitie s o f cal lien •• ai ds, a r e 

~el1 preserved in 

Curran end Whi t e , 

aOlle of the calcarenitea (Curran , 1983, 1984 ; 

Figa. 2 , 3d , this volume), Co_parilon ~ it h 

modern Call ianss sa s p. bu rr o .. s f r om the shelf san d i a r ound San 

Sal vsd or i ndicste s minimu m .. ater depth of 1 m d uring <h' 

a nv i r onment , 

ca l careni tes 

7 , and 8c, 

of Op hi omor pha 

Int erbedded 

s p. , 

~lt h 

"., 
<h' 

an entirely aubti da l 

t r ough c r oss-bedded 

ther e ia at leaat one aet of ateeplJ dipp!ng tabular 

up to I II t h i ck in places (Curran and White , Figa . 6b, 

The tabular c r oas-beda dip in a 

.. eate rl y 

produ c ed 

deposited 

direction essentially pe r pen dicular t o the turrents that 

the trough c r oaa-bed a .. hlth su rround them , and they ~ere 

by a alngle ae dim entat i on event. The t r ough 

c r oaa-bedded calcareni t ea .. ere deposit ed b, norther I, flo~ i ng , 

perhaps l ongsho re , curren t a t hat ap pe a r t o have been th e norllal 

ongoing sand-transpo rt ing .ethaniall in thia a r ea . Thia aya tell 

.. as in t e rr u pted b, • 

hurri ta ne . t hat deposited 

large-acale 

the high 

" 

sto r ll e ve nt, perhaps a 

angle tsbular c ro as-bedded 



sands; pe rhaps by 

currents re f lected 

over wash of an emergent s and s hos l or by 

o ff a more s ubstanial ialand (ancient Ssn 

Sa lvador). The northerly flowing curren t s may have been produced 

by wa ve refraction around the south end of the is land. Wave 

ref raction also may have c reated th e high e ner gy cond i tion s 

indicated by the presence of ~. palmats in the fOSSil r ee f , whch 

was locs te d on the lee wa rd side of t he postulated island . 

Calcar e nites " ith "este rl y dip ping, lo w angl e cross-b e da 

and associated beach r oc k clast brecciss pro gr essi vely overst ep 

the sub t idal calcarenites . These are the deposits of a wester ly 

facing and "est "a rd mi grating besch , sugg e st i ng a contemporsn e ous 

emergent ssnd shoal o r island to the es s t. The beach fa cies 

passes up wsrd in t o f ine-gr a i ne d eolianites with a bundant 

rhi zocretions, clea rly demonstrating the existence of a vegetated 

dune syst e m on an sncient island . The upper be ach-eoli an ite 

con t act is at +4 m, indicating a msximum s es le vel height st this 

time and also providing a minimum of +4 m fo r the ses level high 

a t and during the 

Cutting t h r ough 

developmen t of the Cock burn To wn fossi l reef. 

all fsci e s of the r ee f are numerous c a liche 

dikes, which formed after emergence of th e entire reef compl ex. 

~ ~ Crain Typ e s 

The over " he lming majority of the ca l ca r enites fo und in 

the r ee f comple x sre oosparltes " ith Some further clsssification 

to bio-oospari te s , peloospari tes, and intraoosparites " here 

f ossil fragments, pe l oids , 

components r e spectively. 

and int r aclas t s 

Coralstones 
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biollpa r itee 

~ ubbleetones . 

snd blo.lc rlt es f or. the .atrtx of 

Florsl grsins inc lud e green ca l csreoua a lgae , matnly 

Hali.eds , snd fe~e r r ed calcsreoua algae, .ostly Goniollthon. 

Fsuns l typ es inc lud e Fora. in ife r •• e8pec i ally ai l ioloid8 but a 180 

"ome textula r i dll sn d rotalinee; sS8tropod , bi valve . s nd co r sI 

f rsgments; ech inoderm plet e ,, ; tunic s te spic u le,,; .. , ra r e 

br yozos ns . Non- skelets l Srsins include in trsclssts , ooids , 

supe r ficisl ooids, pe lOids , snd pellets , Of particular interest 

i s t h ... pr ... s ... nc ... of Fsvreina (Fig . 13) , fecsl pellets produced b, 

Csllisnsaas sp . , 

Ophio.orphs sp . 

th e sa me a ni .sl beli eved t o hsve produced th e 

trace f oasil. f ound in soae subtida l 

calca r enitea . Tbu 8 , t wo lines o f e Vidence con ye r ge t o show the 

e xistence of Csilisnssss sp . in IIsndll s dj acent to the reef. 

Diagenesis 

Sub.arin e arssonite ce.en t a occur !E situ ani, in 

co ra 111 cones and coral rubb le stones belo ~ t 2 . 5 m. Int r agrsnular 

acicu lar aragonite occ ur s ~tt hin Hsli.eda plstes , bent h ic 

f o r a.inifers. Fsvreins , ssstropod. (Fig . 1 ) , snd co r si corsi lites 

2-4) . Arago n ite slso occurs a s den ae isopscho us ri.s 

around srains i n oOlllic ri tes fr om th e .. atri x of co ra l rub blestone. 

Fr esh ~s t er vadas... c ... .... nt. post-d.t... th... subaartn ... 

arsgonit e in roc ks b ... lov +2. 5 • snd vere the first ce .... nts to 

form in the shsllo~ lIubtidsl , bes c h. a nd duna l calcarenit e8 aboye 

th i s ele vstion . He ni .cus low- Hg c al Cite , liS deter . ine d b, 

elect r on .icrop r obe snsl,SeS , occ ur s com.only (Fig , 5) and i n 
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many cas e s di s plsys a clla ra cteristi<: pore r ounding (Figs . 6, 7) , 

first deac ri bed by Dun llam (1971). Equant calc ite occurs as 

partisl , irregula r 

~ltll con s id e rable 

Tile unevenness of 

to some t imes Isops<:lIous c rust s around grains, 

vsriability Seen ~ithin single tllin sections. 

this cementation is emphaai~e d by gr ain size 

finer-graine d s e diments be ing bette r c eme nted differences . with 

tllan CO IHser ones . Cal<:i te a lso occurs ~ithin int r ag ranu lar 

pores and follows acicular aragonite whe re the ea r lier submarine 

cement is p re sent (Figs . 

oCCur around ecllinod er m 

I, 4) . 

plates 

Calcite sJnta~ial ov er growth a 

in some of th e mo re com pl e tely 

cemented sparites (Fig . 8) . 

Al veolar te ~ tu re, 

occurs in inter granular 

a ramifying net wor k of dense micrite, 

po r e space (Fig. 9) wher e it postdates 

the meniscus calci te. and .... ithin coral po re space . Tile irregular 

pore space c r eated by the interconnecting walls o f micri te 

contains wllisker calCite (Fig . 10) , and .... hisker c s lci te and 

micro spa rite (Fig . 11) . Associated .... i t h t he a lveolar te~ ture are 

Microcodium (Fig. 12) snd abundant rh i~ocretions . 

~lthough many corals retain their o r iginal ara goni t ic 

composition , some sho w par t isl neo morphic replacement by calcite 

(Fig. 14) , as d o some mollus k she ll frsgmenta. 

In fafe instances there is a lat er calcite spar that 

pos t da te a the .... hisker ca l cite and microapa r ite in th e al veol ar 

te xtur e pore space aod tile ear lie r vsdoae meniscus calCite (Fig . 

7) . 

" 



Piasenesia and Sea Le~el Cban ge 

Clea~ly the Cockburn To ~n co r al reef g r e~ under ae r ine 

conditione, tbus it 11 no t surprising t o find submar in e syntaxial 

arsgonite ceme nt in coral corllittes . S1ailarly . ~ell de~el ope d 

isopechoue aragonite on matrix Irains 

indicate. ex te nded exposu re to msrine 

tn eonll rubbleatone 

~aters . Post-aragonite 

freshwate r vadose cementation delo nstr ate s the subsequent c hange 

of environaent of the corall and associated coral rubble to 

no n- I arine conditionl. The absence of well developed freshwater 

phreati c c e me nts suggests thlt the chanle f r om marine to 

conditione was r apid, Ind occurred wi thout 

deyeloplent of a lonl - Ihed rresh~ate r phreatic l e ns. A Yery 

rapid fall in sel level under stab le tecto n i c conditione on 

Be r muda 

Ha r llo n 

following the 

et a1. (1983). 

Sangamon 1nterglacial is indicat ed by 

Presullably ses leyel fell sa rapidl, 

elsewhe r e , including San Sal vador. 

Ahove +2.5 m no submarine cements hav a been found , and 

the f irat cements are Yadose meniscus snd e quant lo~ -M g calcite , 

Tbe prelen c e o f isopachou. ca lcite rtms and aynta xial 

overgrowtba a r ound echinoderm pl.tes indicates ph r eetic-like 

conditio na; ho~e ver , these s~e Ye~y patchy an d sugges t acattered 

aa t urated aediment l e na within the fresh wste r vados e zo n ~. Suc h 

conditiona are bell developed in fine r -grained aedimenta where 

lower pe r aeability migbt be expected to in c rea.e tbe c han ce . of 

local sa turation. 

Prolonged aubae r ial e xpo a u re 

cal ich ifi ca tion mo.t .1mi la r to 
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figur e I: ActculeT aTagon i te 
ce~ent on interior of a 
geet r opod s hell . Rema ining 
intrag r anular po r e apace ftlled 
by coarse celctte spa r. 

Be r scale • 100 aic r oaete r a 

Fig u r e 2: Aci cular aragonite 
g T o ~ in g ~l thln a co ra l 
co ra ll1 t e . 

Bar acale • 100 alC Tome t e r , 

Figu re 3 : S EH photog r aph of 
aragonlte gro~ing ~ i th in a co ra l 
co ra lli t e . 

8a r aeale • 100 micrometera 

Figu re . : Higher aag n iflcation 
SEM photograph of FIg. 3. 
Calcit e c Tyatala gro~ing on 
aha rp t er~inations of aragonlte . 

Ba r ac a le • 10 micrometer a 
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Figure 5: Meniscus calcite 
ceaent at g rain con tacts. 

Sar acale • 500 .te roaetera 

Figure 6: Meniacu s ca l ci te 
ceaent ~tth pore- r oun ding whi ch 
reflecta shape of alr- ~ster 
inte r face at tiae of 
precipitation 

Sar seale _ 100 . l c r oaeters 

Figure 7: Meni acus calcite 
eeaent with pore-ro und ing 
aeparated froa later , finer 
calcite eeaent by thin la,e r of 
a t e r ite. 

Bar aeale _ 100 aieroae t e ra 

Figure 8: S,nta ~tal o vergrowth 
around echinode r a e~tenda to 
engu lf nearby graina. 

Sar seale _ 200 ateroaetera 



Figure 10: SEM p~oto
graph of ~ hiak er cal
cite ~ithin t~e pore 
space of alveolar 
te x tu r e . 

Bar scale • 100 micro
meters 

Figu~e 9 : Alveolar texture in Intergranula r 
po re sp a ce . 

Ba r scale • 200 micrometers 

"' 

Figure It , SEM photo
grap~ of ~hls ke r cal
ci te and mic r ospari te 
~ lt~ln pore space of 
alveolar te xture . 

Ba~ scale • 100 micro
meters 



Figur e 13 : Favreina - fe cal 
pellet of Callianassa sp . 

Bar scale _ 200 mic ro meters 
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Figure 12: Microcodium y ith ring 
of pet a l-shaped calcIt e p r i s ms . 

Bar scale _ 200 micrometera 

Figur e 14 : Replacement of 
aragonItIc cor a l by neomorphic 
eq uant calCIte 

Bar scal e _ 200 mic r ometers 



(1977) , and 

alteration ZOneS described froa Bsrbados by Hsrr ison 

froa Flo r ids by Cong li o and Ksrrison ( 1983) . 

Observed 

include: 

lIIicroscopic f e at u res Char acteristic f" th ts zone 

.. hi.ker calCite , aie roaparite, and 

Kieroeodiua. faeiea of ", 
featurea, confireing the f al l 

field a nd petrographic e vid ence. 
" 

reef eoaplex con tain t he se 

sea level indicated by othe r 

There are no aarine cea.nt. that po.tdate the fre,h"ate r 

vadose eeaen ta o r ealichification textures, suggesting that there 

has been no aari ne inundation of the rocks of the Cockburn To .. n 

reef since the end of the Sang aaon i ntergla c ial. The acant 

evidence of a late-atage e qua nt calcite ce.e nt thet poat-dates 

the alveolo r tex tur ea rais es the in ter eating poasibility of a 

later f reah .. ater phreat i c event. This could be accompliahed bl a 

sea level rise of pe r hsps I • or ao ebo ve pre'ent that raiaed a 

phreatiC lens , or bl sign ificantly inc r essed r ainfall . Futu re 

work .. ill explore thia posaiblitr in ao re detail. 

Cone luaion a 

I. The ,,",! r tieal distribution of lithologies , fossUs, 

trace f oaails, aedi.ents r y atr uct ur es, ,. 
consistent with a progressive shallo .. ing of sea wate r an d 

eventual eaaergence of the Cockburn Town fossil reef and 

associeted fecies . 

2. Th e upper beach-e olienite contect at t 4 !II provide a a 

ainiaua aea level for t he developaent of the reef coaplex . 



Essent1ally 1n !.!.!.!!. Acropou paillata auggeats s aea lewel at 

l eaat 5 to 6 II above preaent . 

3. Assulilng subsidence .f 3 • i, <h' 125,000 

post-Sangallon yeara, aea level atood at leaat aOlle 8 to 9 • above 

present levels during the growth of the reef. Stlltlar sea le vel 

high a ta nds for the Sangallon interglac ial sre r epo rted frail lIany 

l ocationa, including New Providence (Garrett and Gould, 1984), 

the no rthern Be hallas ( lieU liann and ~oore , 

(HarOion et aI. , 1983). 

1915), and Berlluda 

4 . Transportation of aubtidal aands by northerly flo win g 

lonsshore cur r en ts illplies the exist en ce of proto-San Sal.ado r 

laland with wave refraction ar ound its south an d. Beach bedding 

dips we sterly illplyinl land , or at least an ellerlent sand ahoal, 

to the eaat of the reef . 

sreater 

occurs 

s trong 

5 . The sro wth 

activity 

.f Acropora paillata in the reef ahows 

the location 125 , 000 yeara ala than 

ililledia te ly offshore now. This liS' have been csused by 

the south end of proto-San Wsye refraction around 

Ssl va dor. 

6 . The larle-scale tabular c r oas-bedded set indicates 

that at least one lIajor stora or hurricane 1a record ed in the 

s edillentary deposits of the reef cOllple x. 

" 



7. The diageneti c aequence aholts that there haa been no 

second iaaerslon ln aa r ine pore Itatera; holtever , a aea level r iae 

of 1 to 2 a 8b ove preaen t co uld be accoa .. odated. Soae acarce 

e vid ence of late-atage calcite apar ceaent could represent auch a 

poat-Sangaaon high at8nd, or , alternatively, co uld have been 

cauaed by inc re aaed ra infall. 

8, The sparaity of fresh ltate r phreatic dillge netlc effecta 

_ay r eflect a rapid poat-Sanga_on sea leve l fall o f the aa .. e 

order aa that reported froa Be r auda by Haraon et al. (1983) . 

9, Extensive subaerial e xpo a ure and vegetative co ver led 

" ca l ic hification ,f <h' rocka and the developllent o f 

r hizocretion~. 
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