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A SALINE LAGOON ON CAYO SAL, WESTERN VENEZUELA 

By Malcolm P. Weiss 11 

INTRODUCTION 

Cayo Sa l ,  t h e  l a r g e s t  of a group of small  c o r a l g a l  ( i . e . ,  a frame- 
work of c o r a l s  and c o r a l l i n e  a l g a e )  keys o f f  Ch ich i r iv i che ,  Estado 
Falc6n, con ta ins  an  enclosed hype r sa l ine  lagoon,  La Sa l ina  (F igs .  1, 2 ) .  
Although a t o l l - l i k e  i n  p l an  view, Cayo S a l  r e s t s  on t h e  shal low (<20 m) 
oon t inen ta l  s h e l f  and i s  not  an  a t o l l  i n  t h e  f u l l e s t  s ense  (Bryan, 
1953a, 1953b). During f i e l d  i n v e s t i g a t i o n  of t h e  keys, marine sed i -  
ments, and p o l l u t i o n  by unbr id led  c o a s t a l  development (Weiss e t  aZ., 
i n  p re s s ;  Weiss and Goddard, 1977),  some shal low c o r e s  were taken  i n  
La Sa l ina .  This  r e p o r t  r e s u l t s  from t h e  t h e  s tudy  of t hose  c o r e s  and 
t h e  geology of Cayo Sa l .  

Gypsum is  formed and preserved i n  La Sa l ina ,  and h a l i t e  is  gener- 
a ted  seasonal ly .  Pea t  bur ied  beneath t h e  lagoon sediments sugges t s  
t h a t  s ea  l e v e l  has  r i s e n  about 1 .5  m i n  t h e  l a s t  2700 yea r s .  Condi- 
t ions  of h y p e r s a l i n i t y  and t h e  consequent sediments a r e  i n  some re-  
s p e c t s  s i m i l a r  t o  t hose  i n  a lagoon on Gran Roque, a n  i s l a n d  i n  t h e  Los 
Roques group (Sonnenfeld, 1973),  a s  w i l l  be  seen.  The sedimentary rec-  
ord and morphology of Cayo S a l  sugges t  t h a t  both w e r e  d i s rupted  by hur- 
r i c a n e  o r  tsunami about  500 yea r s  ago. 

CAYO SAL 
Cayo Sa l  i s  an  i s l e t  (10'56.7' N. La t . ;  68O15.6' W. Long.), i n  t h e  

form of a completely c losed  curve ,  r e s t i n g  on a growing c o r a l g a l  r ee f  
platform, and surrounding an e n t i r e l y  enclosed lagoon,  La Sa l ina  (Fig. 
2 ) .  The reef  p la t form,  i . e . ,  t h a t  p a r t  less than  2 m deep, extends 1 .8  
km i n  an  east-west d i r e c t i o n ,  1.13 km north-south, and has  an  a r e a  of 
0.94 km2. The a r e a  enclosed by t h e  seashore  of Cayo Sa l ,  inc luding  
both land  and lagoon,  i s  0.63 km2, w i th  maximum east-west e x t e n t  of 
1 .25 km and north-south e x t e n t  of 0.83 km. These va lues  do not  vary  
s i g n i f i c a n t l y  w i t h  t i d e  s t a g e  because t h e  t i d a l  range  i s  l e s s  than  
0 .5  m. 

The a r e a  of La Sa l ina  v a r i e s  s easona l ly  (Fig. 2 ) .  Apparent ex- 
tremes recorded i n  a e r i a l  photographs (Fig. 3) compare c l o s e l y  wi th  
t r a c e s  of s t r a n d l i n e s  on t h e  ground, and show t h e  s u r f a c e  a r e a  of La 
Sa l ina  ranges between 0.33 and 0.37 km2. These va lues  a r e  f o r  r e c & t  
dry-and-wet seasonal  extremes and f o r  annual d i f f e r e n c e s  of t h e  l a s t  
quarter-century,  t h e  period of adequate  records .  

Cayo S a l  i s  formed l a r g e l y  of s k e l e t a l  carbonate  sand. Wind- 
blown sand and s i l t ,  and mud brought by occas iona l  f l oods  of s t ream 
water  over t h e  nearshore  waters  provide  only  t r a c e s  of t e r r igenous  
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m a t e r i a l  t o  t h e  key. The i s l a n d  apparent ly  began a s  a pa tch  r ee f  
growing on a high s p o t  of t h e  drowned a l l u v i a l  p l a i n  of t h e  Tocuyo 
River  (Weiss e t  az. , i n  p r e s s ) .  

The major elements of t h e  c o r a l  community a r e  t y p i c a l  f o r  t h e  
Caribbean: Acropora pazmata (Lamarck) i n  t h e  su r f  zone is  bu t t r e s sed  
by Montastrea annukzris ( E l l i s  and Solander)  and spec i e s  of DipZoria 
below, and Acropora cemicornis ( ~ a m a r c k )  occurs  i n  p ro t ec t ed  nooks, 
a t  t h e  l e e  ends of t h e  r ee f  and a long  t h e  break i n  s l o p e  of t h e  sed i -  
ment apron on t h e  southwest s i d e .  Spec ies  of Porites a l s o  occur ,  
e s p e c i a l l y  i n  E l  Huequito, and a l s o  wi th  Sidemstrea i n  t h e  Thazassia- 
HaZimeda community on t h e  shal low apron of s k e l e t a l  mud and sand west 
of t h e  i s l a n d .  The i n n e r  p a r t  of t h e  r ee f  f l a t  is mostly ba r r en  of 
c o r a l s  and ca lcareous  green a lgae ,  bu t  paved by c r u s t s  of c o r a l l i n e  
a l g a e  o r  l i t t e r e d  wi th  algae-encrusted s k e l e t a l  d e b r i s .  A more wide- 
spread c o r a l  community is  developed i n  E l  Huequito (Fig. 2 ) ,  and most 
of t h e  remainder of t h a t  bay f l o o r  i s  of s k e l e t a l  sand and rubble .  

The r ee f  p la t form i s  not much l a r g e r  than  t h e  i s l a n d ,  except  f o r  
t h e  wide f l a t  a t  t h e  no r theas t  co rne r .  The morphology of t h e  a r e a ,  
both i n  p lan  and i n  p r o f i l e ,  sugges t s  t h a t  E l  Huequito (Fig.  2) could 
have been formed i f  sediments  of t h e  former no r theas t  co rne r  of t h e  
i s l a n d  were moved southwestward by s to rm(s ) ,  f i l l i n g  t h a t  corner  of La 
Sa l ina ,  wh i l e  exposing o l d e r  r e e f - f l a t  m a t e r i a l  t o  renewed co lon iza t ion  
by c o r a l s .  The low sandy b a r r i e r  between La S a l i n a  and El  Huequito has  
j u s t  a few small t r e e s  and l i t t l e  sc rub ,  which seem t o  be migra t ing  
from t h e  ends of t h e  b a r r i e r .  Even so ,  such an event  cannot have been 
r e c e n t ,  i f  i t  indeed occurred;  l o c a l  people have no knowledge o r  
s t o r i e s  of such an event  and t h e  f l o o r  of E l  Huequito, a l though sha l -  
low, has  a l a r g e  community of Acropora pazmata, Porites furcata La- 
marck, and Diploria sp. Thei r  s i z e s  suggest  s e v e r a l  decades of 
growth, based on an  assumed r a t e  of about 5 cm/yr f o r  A. pazmata. 

The l and  is  asymmetrical i n  p r o f i l e  at most s e c t i o n s ,  wi th  high- 
e s t  e l e v a t i o n s  c l o s e r  t o  t h e  sea  than  t o  t h e  lagoon. It is  made mostly 
of s k e l e t a l  sand bu t  l o c a l l y  of c o r a l  chunks--up t o  1 . 3  m l ong  (Fig. 2) .  
Most is  s t a b i l i z e d  by sc rub  growth, i nc lud ing  s e a  grape and red  man- 
grove. It has changed l i t t l e  i n  t h e  quarter-century f o r  which maps and 
a i r  photos a r e  a v a i l a b l e ,  except f o r  some recent  grad ing  and introduc-  
t i o n  of palm t r e e s  on t h e  inhab i t ed  western end and southwestern s i d e  
(Weiss and Goddard, 1977).  Accumulation of s k e l e t a l  d e b r i s  tends  t o  
en l a rge  t h e  i s l a n d  by a d d i t i o n  t o  i t s  margin, b u t  some i s  thrown a c r o s s  
t h e  i s l a n d  and spread i n t o  La S a l i n a  as sp l ays  of s k e l e t a l  d e b r i s .  

LA SALINA 

A wet-season s t a g e  is  shown i n  F igure  3A, and a dry season s t a g e  
i n  F igure  3B. I n  September, 1972, t h e  lagoon w a s  i n d i s t i n g u i s h a b l e  
from t h a t  p i c tu red  i n  3B. 

Bathyme t r y  

Nei ther  p r e c i s e  nor  numerous depth measurements a r e  a v a i l a b l e .  



The deepest  p a r t  is  no r theas t  of t h e  c e n t e r ,  where i t  was about  0.5 m 
deep dur ing  r e l a t i v e l y  h igh  water  i n  mid-November, 1972. Depth a t  t h e  
same p l ace  dur ing  maximum f lood ing  (h ighes t  sho re  f e a t u r e s )  i n  r ecen t  
yea r s  must have been of t h e  o rde r  of 1 m. The bottom s lopes  gen t ly  
from a l l  shores  i n t o  t h e  shal low bas in .  The s o f t ,  s l imy bottom makes 
I I depth" an  u n c e r t a i n  measurement; a  smelly,  r ed  and b l ack  organic  s l ime  
covers  t h e  bottom e s p e c i a l l y  i n  t h e  NE and NW quadrants .  The a r e a  be- 
tween high-water and low-water marks (Fig.  2) i s  a  s o r t  of " l i t t o r a l  
zone." It is  60-100 m wide i n  t h e  SSE quadrant  and only  15-20 m wide 
i n  t h e  NE quadrant .  

When t h e  water  i n  La S a l i n a  is  low, two s m a l l  ponds become sepa- 
r a t e d  from t h e  major body of water  nea r  i t s  northwest corner  (Fig. 2 ) .  
The smal le r  of t h e s e  is a low p lace  i n  a  s inuous channel  a few meters  
wide t h a t  extends from La S a l i n a  almost t o  t h e  sea .  Although t h e  
channel  he ld  a few puddles and soggy s p o t s  i n  November of 1972, i t  is  
overgrown wi th  brush and c losed  by t h e  low berm a t  t h e  beach. It 
c l e a r l y  has  not  funct ioned a s  a water  condui t  f o r  some yea r s ,  bu t  may 
aga in  before  long,  however, f o r  t h e  small  bay j u s t  t o  t h e  no r th  is  un- 
dergoing vigorous e ros ion .  The sho re  t h e r e  w a s  formerly p ro t ec t ed  by a  
l i n e  of beachrock (Fig. 2 ) ,  b u t  i t  has  been breached and waves a r e  
r a p i d l y  removing t h e  unconsol idated sand of t h a t  p a r t  of t h e  i s l a n d  and 
sweeping i t  westward p a s t  t h e  northwest  po in t  of t h e  i s l a n d .  These 
l i t t l e  ponds conta ined  brackish  water  dur ing  t h r e e  s e p a r a t e  v i s i t s .  
They a r e  somewhat p ro t ec t ed  by v e g e t a t i o n  from wind and sun, and t h u s  
can and do s t and  s l i g h t l y  h igher  t han  La S a l i n a  and up t o  0.3 m above 
s e a  l e v e l ,  depending upon t h e  t i d e s .  

Some p a r t s  of t h e  lagoon bottom a r e  h igh ly  r e f l e c t i v e  when t h e  
water  i s  low (Fig. 3B). October,  1969, a e r i a l  photos show a r e a s  of t h e  
bottom t h a t  a r e  r e f l e c t i v e .  These pa tches  a r e  mostly s k e l e t a l  sand,  
and they  inc lude  most of t h e  " l i t t o r a l  zone" and i r r e g u l a r  sp l ays  t h a t  
reach  from t h e  e a s t  s i d e  n e a r l y  t o  t h e  middle of t h e  lagoon. Proximal 
p a r t s  of two such s p l a y s  form wide "tongues" i n  t h e  " l i t t o r a l "  zone i n  
t h e  sou theas t  quadrant  of La S a l i n a  (Fig.  2 ) .  

Hydrography 

The l e v e l  of  La S a l i n a  was observed i n  September and measured once 
each i n  October, November, and December of 1972, t h u s  covering t h e  t a i l  
of t h e  dry  season and most of t h e  wet season (Weiss e t  az., i n  p r e s s ) .  
The l e v e l  ranged from 24 cm above t o  31  cm below t h e  s e a  s u r f a c e  a t  t h e  
t imes  of measurement (made a t  d i f f e r e n t  s t a g e s  of t h e  t i d e ) .  The d i f -  
f e r e n c e  between t h e  observed extreme l e v e l s  of t h e  lagoon i t s e l f  i s  41 
cm, s i g n i f i c a n t l y  l a r g e r  than  t h e  l o c a l  t i d a l  range of 25-30 cm. Dif- 
f e r ences  would s u r e l y  b e  somewhat g r e a t e r  i f  t h e  lowest  l e v e l s  of t h e  
sal t - forming dry seasons could be compared wi th  t h e s e  da t a .  The changes 
of l e v e l  each y e a r  a r i s e  from t h e  f a c t  t h a t  t h e  r a t i o  of p r e c i p i t a t i o n  
t o  evapora t ion  i s  s t r o n g l y  skewed i n  t ime. Records a r e  f a i r l y  complete 
f o r  t h e  immediate r eg ion  back t o  t h e  mid-1950's (Table l ) ,  about t h e  
same per iod  f o r  which maps e x i s t .  They show t h a t  nea r ly  h a l f  of t h e  
annual  p r e c i p i t a t i o n  occurs  i n  t h e  months of October-December, on t h e  
average,  and s i m i l a r l y ,  t h a t  about 60 percent  occurs  from September 
through January. 



Evaporation da ta  a r e  a v a i l a b l e  from a s t a t i o n  50 km f a r t h e r  south- 
' e a s t  and show a r a t h e r  uniform r a t e  through each month of t h e  year  

(Table 1 ) .  Data assembled by Lahey (1958) suggest t h a t  evaporation i s  
more uniform reg iona l ly  than is  p r e c i p i t a t i o n .  A t  Cayo Sal  t h e  evapora- 
t i o n / p r e c i p i t a t i o n  r a t i o  i s  very high during a dry season from l a t e r  
winter  t o  e a r l y  f a l l ,  and low during t h e  l a t e  f a l l  and winter .  Using 
mean values  f o r  t h e  months of t h e  year  (Weiss e t  az., i n  p ress ) ,  evapo- 
r a t i o n  f o r  October-December is  40% of r a i n f a l l ,  and 115% f o r  t h e  o t h e r  
n ine  months of the  year .  

F luctuat ion  of t h e  l e v e l  of La Sa l ina  would be g r e a t e r  than i t  is 
i f  p r e c i p i t a t i o n  and evaporat ion were t h e  only inputs  and outputs  from 
t h e  lagoon. Because t h e  i s l a n d  is formed of unconsolidated s k e l e t a l  
sand and g rave l ly  sand, percola t ion  t o  o r  from t h e  sea  occurs r e a d i l y ,  
depending upon t h e  r e l a t i v e  l e v e l  of La Sa l ina  and s t age  of t h e  t i d e .  
This percola t ion ,  although widespread, i s  slow and d i f f u s e  where t h e  
s u b a e r i a l  ma te r i a l  is  widest.  The narrow b a r r i e r  of s k e l e t a l  sand be- 
tween El Huequito and La Sa l ina  (Fig. 2) ,  however, has a number of 
seeps on t h e  southwest s i d e ;  sea  water bleeds slowly from these  when 
t h e  t i d e  is higher than La Sa l ina  and runs i n  rills down the  s lope  i n t o  
t h e  warmer water  of the  lagoon. The seeps support  slimy red mats, 
probably s o f t  a lgae  s i m i l a r  t o  those on t h e  nearby bottom of La Sal ina .  
No evidence of r eve r se  flow from La Sa l ina  t o  the  sea  was observed, but 
surf  would obscure any o u t l e t s  on the  seaward s ide .  Extreme l e v e l s  of 
f looding o r  drying of t h e  lagoon a r e  thus  moderated by phrea t i c  connec- 
t i o n  wi th  t h e  sea.  

During periods between abundant and d e f i c i e n t  p r e c i p i t a t i o n  t h e  
l e v e l  of t h e  lagoon must be i n  near ly  hydros ta t i c  equil ibrium with t h e  
sea ,  and t h e r e f o r e  ga ins  o r  l o s e s  l i t t l e  s a l t  from o r  t o  i t .  During 
t h e  wet months, t h e  lagoon w i l l  s tand high, have a l e s s e r  s a l i n i t y  than 
a t  o the r  t i m e s  of the  year ,  and produce a n e t  seaward flow of ground- 
water.  During the  much longer  dry season t h e  lagoon w i l l  s tand low and 
gain  water  of normal s a l i n i t y  by percola t ion;  p e r s i s t e n t  evaporation 
w i l l  r a i s e  t h e  s a l i n i t y  i n  La Sa l ina  t o  l e v e l s  t h a t  p e r c i p i t a t e  h a l i t e  
and gypsum. The occurrence of h a l i t e  is seasonal  and requ i res  s a l i n i t y  
> 270 O / , , .  Gypsum p e r s i s t s  and becomes p a r t  of t h e  sedimentary f i l l  - 
of t h e  lagoon. Local people ga ther  s a l t  each season f o r  commercial pur- 
poses, and say t h a t  f a l l  r a i n s  "spoi l  t h e  s a l t  .I1 

Measurements of some of t h e  water p roper t i e s  were made by Sr. Pablo 
Almeida between 1000 and 1100 hours l o c a l  time on December 19, 1972, i n  
t h e  midst of t h a t  ra iny  season; the  l e v e l  of  La Sa l ina  was 0.3 m below 
t h e  sea  a t  t h a t  t i m e .  Water temperature ranged from 29.1°C. c l o s e  t o  
t h e  edge of t h e  lagoon t o  29.8OC. i n  the  body of t h e  lagoon. This com- 
pares wi th  27 .9 '~ .  i n  the  nearby apen s e a  a t  t h e  same time. S a l i n i t y  
ranged from 161.9 t o  165.7 O / , ,  i n  La Sa l ina  (Fig. 2) but  was 36.6 O / , ,  

a t  one meter depth i n  t h e  open sea  windward of Cayo Sal .  The lowest 
lagoon value  was from warm water toward t h e  windward shore (Fig. 2, Sta.  
3).  S t a t i o n s  i n  mid-lagoon o r  toward t h e  leeward s i d e  showed values  of 
164.5 O / , ,  o r  more. These f a c t s  and r a f t s  o r  f l o e s  a f  s a l t  c r y s t a l s  
seen f l o a t i n g  i n  the  leeward s e c t o r  of La Sa l ina  i n  September suggest a 
slow movement of s u r f a c e  water  t o  leeward; s a l t  c r y s t a l s  may be  induced 



on t h e  lagoon bottom by a compensatory underflow t o  windward, r a t h e r  
l i k e  t h a t  reported from Los Roques by Hudec and Sonnenfeld (1974). 

SEDIMENTS 

Mud i s  r a t h e r  more abundant than s a n d o n t h e  lagoon f l o o r  today, 
except c lose  t o  t h e  shore and i n  t h e  skeletal-sand splays .  Auto- 
chthonous substances a r e ,  i n  decreasing abundance, gypsum (Fig. 4 ) ,  
mollusc s h e l l s  (mostly s n a i l s )  and d e b r i s  (Fig. S ) ,  and cemented car-  
bonate c r u s t s  (Fig. 6) .  H a l i t e  i s  conspicuous, but  only during t h e  
dry  season. The microf lora  of t h e  water and t h e  s o f t  red a lgae  l o c a l l y  
on t h e  bottom do not  con t r ibu te  s i g n i f i c a n t l y  t o  the sediments. The 
allochthonous substances a r e  mostly ske le ta l  p a r t i c l e s  thrown over t h e  
i s l a n d  by storm waves (Fig. 7);  a s  sand and mud s i z e s  p r e v a i l  over 
minor s k e l e t a l  gravel  i t  is probable t h a t  most of t h e  con t r ibu t ion  
comes from t h e  i s l a n d  i t s e l f  o r  t h e  beaches, r a t h e r  than d i r e c t l y  from 
t h e  r e e f .  Peat ,  p l an t  shreds and minute unident i f ied  capsules,  proba- 
b ly  of p lan t  o r i g i n  (see  appendix) come from the  key; only the  peat  is  
s i g n i f i c a n t  (Fig. 8).  Carbonate pe lo ids  (small ovoidal  p e l l e t s  of car-  
bonate mud, but not  knowntobe f e c a l  i n  o r ig in )  a r e  common, and proba- 
b ly  a r e  both autochthono,us and allochthonous. Traces of s i l i c e o u s  sand 
and mud occur, and a r e  bel ieved t o  be wind-borne. 

HaZite. Although h a l i t e  is  a n e g l i g i b l e  cons t i tuen t  of t h e  lagoon 
sediments, i t  i s  formed i n  abundance each dry season. During a t r a -  
v e r s e  i n  September, 1972, t h e  l a t e  p a r t  of t h e  dry season, a g rea t  dea l  
of s a l t  was observed. S a l t  r a f t s ,  formed of small c r y s t a l s  aggregated 
i n t o  shee t s  a few mil l imeters  t h i c k  and up t o  s e v e r a l  square meters i n  
a rea ,  l a y  cracked, over thrus t  and jumbled aga ins t  t h e  l e e  shore. 
Others were seen i n  open water ,  where they form and then s a i l  t o  lee- 
ward. A few p i l e s  of s a l t  sagged on t h e  lagoon shore,  remnants of 
sa l t -ga ther ing  e a r l i e r  t h a t  season. Hopper c r y s t a l s  (hollow, square 
pyramids, stepped both i n s i d e  and out )  were widespreadon t h e  lagoon 
f l o o r .  Their abundance and coverage change with t h e  season; hopper 
c r y s t a l s  covered t h e  bottom t o  wi th in  about 50 m of t h e  shore i n  mid- 
October, but  were gone a month l a t e r .  Hoppers were a s  l a r g e  a s  3 cm on 
an edge of t h e  square base of t h e  hollow pyramid, but most were smaller .  
Hypersaline pore water f i l l e d  t h e  upper few cent imeters  of lagoon sedi-  
ments, based on t h e  amount of NaCl i n  d r i e d  samples. This i s  an appro- 
p r i a t e  condit ion f o r  t h e  l a t e  s t age  of t h e  dess ica t ing  season, but prob- 
ab ly  changes through t h e  seasons. For convenience, and t o  avoid t h e  
complication of d i f f e r e n t  p o r o s i t i e s  i n  t h e  samples, t h e  r a t i o s  of 
mineral f r a c t i o n s  a r e  reported he re in  on an NaC1-free bas i s .  

Gypswn. The p r i n c i p a l  evapor i te  mineral  o the r  than h a l i t e  i s  
gypsum. The amount i n  t h e  sediments ranges from 0-70 per  cen t ,  and i ts  
abundance is  inverse ly  propor t ional  t o  t h a t  of t o t a l  carbonates. This 
r e l a t i v e  abundance i s  a l s o  expressed a r e a l l y ,  f o r  gypsum is  sca rce  o r  
absent  c lose  t o  shore where s k e l e t a l  ma te r i a l  i s  abundant and where 
r a i n f a l l  and runoff reduce t h e  s a l i n i t y  of t h e  marginal shallows. Most 
of t h e  gypsum occurs a s  small ,  loose  crystals--"seed gypsum1'--in t h e  
f i n e  sand t o  sil t  size-range and poorly sor ted .  Some c r y s t a l s  of gran- 



u l e  s i z e  a l s o  occur .  Where gypsum is  abundant t h e  beds have a  granu- 
l a r ,  sandy look (Fig. 4 ) .  Stubby prisms and polyhedra l  d i s c o i d s ,  l i k e  
t h e  sma l l e r  ones i l l u s t r a t e d  by I l l i n g  et aZ. (1965, f i g s .  5a ,  5b, re-  
s p e c t i v e l y ) ,  a r e  t h e  common c r y s t a l  forms; b lades  a r e  l e s s  numerous. 
The d e p o s i t s  and c r y s t a l s  a r e  l i k e  those  beneath Lake Marion, nea r  Cape 
Spencer of t h e  Yorke Peninsula ,  South A u s t r a l i a .  

The abundance d i s c o i d s  are s i m i l a r  i n  form and c rys t a l log raphy  t o  
t h e  much l a r g e r  ones descr ibed  by Merritt (1935, f i g .  l ) ,  a r e  milky o r  
f r o s t y  looking ,  and most have convexly curved c r y s t a l  f aces .  These 
q u a l i t i e s  d u p l i c a t e  t hose  of s i m i l a r  c r y s t a l s  of a  v a r i e t y  of s i z e s ,  
a l l  r epo r t ed  from hype r sa l ine  environments (Masson, 1955; Eardley and 
Stringham, 1952; Shearman, 1966; p. 210; I l l i n g  et aZ., 1965; Dunham, 
1972, f i g s .  111-64 and 111-67). The curved f a c e s  of t h e  c r y s t a l s  i n  
La S a l i n a  confirm t h e  sugges t ion  of Deicha (1946) t h a t  NaCl concentra-  
t i o n  "poisons" t h e  gypsum c r y s t a l s  and d i s t o r t s  t h e i r  c rys t a l log raphy .  
Cody (1976, f i g .  7) has  produced s i m i l a r  c r y s t a l s  experimental ly  i n  
s a l i n e  g e l s ,  a l though he  a s c r i b e s  most of  t h e  d i s c o i d a l  g r a i n s  t o  cor- 
ro s ion  i n  situ. The c o u n t l e s s  i nd iv idua l  euhedral-to-subhedral c rys-  
t a l s  i n  La Sa l ina  must have grown, r a t h e r  t han  be t h e  corroded remnants 
of l a r g e r  g ra ins .  

Many d i s c o i d  c r y s t a l s  have ragged edges and a r e  p ie rced  w i t h  
grooves o r  c a v i t i e s .  The h o l e s  may be imperfec t ions  o r  may have h e l d  
p a r t i c l e s  of o t h e r  mine ra l s ,  f o r  c a l c i t e ,  dolomite  and t r a c e s  of h a l i t e  
a r e  s t i l l  enclosed i n  some gypsum g ra ins .  Colored zones and i n c l u s i o n s ,  
probably o rgan ic  s t a i n s  o r  p a r t i c l e s ,  a r e  seen  i n  t r ansmi t t ed  l i g h t .  

The second most abundant t y p e o f  gypsum c r y s t a l  i n  La S a l i n a  sed i -  
ments i s  stubby prisms w i t h  4-6 f a c e s  and b lun t  te rmina t ions .  These 
a r e  l impid and have f l a t ,  c l e a r  f aces ;  i f  very  s h o r t  they  look  l i k e  
l i t t l e  c a t  j e w e l s .  Cody (1976, f i g .  4) grew some of t h i s  t ype ,  bu t  
most of h i s  prisms were much more elongated.  Analogous c r y s t a l s  of l a r -  
g e r  s i z e  occur  i n  wet p a r t s  of Qatar  sabkhas ( I l l i n g  et az., 1965, p. 
95, f i g .  5a) .  They r e p o r t  (p. 95) ". . .white,  f i n e ,  sugary gypsum . . . I f  

a s s o c i a t e d  wi th  h a l i t e  i n  dry  p a r t s  of sabkhas; t h e  c r y s t a l  form i s  not  
given. S imi l a r  porous l a y e r s  of masses of p r i sma t i c  and d i s c o i d a l  gyp- 
sum c r y s t a l s  formed on t h e  f l o o r  of La S a l i n a  from t ime t o  t ime i n  t h e  
Holocene. Apparently t h e  p r i sma t i c  t ype  con ta ins  no h a l i t e  o r  carbon- 
ate impur i t i e s .  It's p o s s i b l e  t h a t  t h e  c l e a r  p r i sma t i c  c r y s t a l s  form 
when h a l i t e  i s  no t  c r y s t a l l i z i n g ,  and t h a t  t h e  cloudy d i s c o i d  c r y s t a l s  
w i th  i n c l u s i o n s  and curved f a c e s  form dur ing  t h e  dry  season,  and per-  
haps a f t e r  b u r i a l  a s  wel l .  

Although t h e  g r e a t  bulk of t h e  gypsum is unconsol ida ted ,  small  
masses of intergrown c r y s t a l s  do occur  (Fig. 6A, 6F) and some is cement- 
ed i n t o  t h e  carbonate  grapes tone  and c r u s t s  (Fig.  6B). The patchy 
clumps of gypsum seen on i n t e r -  and s u p r a t i d a l  f l a t s  (sabkhas) bordering 
t h e  P e r s i a n  Gulf ( I l l i n g  et aZ., 1965, f i g .  6c)  were not  observed a t  La 
S a l i n a ,  nor  even the  cementing of carbonate  laminae by gypsum, a s  on 
Bonaire (Lucia,  1968, f i g .  10c) .  Dense pavements of e longate  p r i sma t i c  
gypsum c r y s t a l s ,  20-30 cm long  and packed wi th  t h e i r  l eng ths  arranged 
v e r t i c a l l y ,  do not  occur.  Such pavements a r e  conspicuous i n  t h e  younger 



d e p o s i t s  of t h e  s u l f a t e  l a k e s  near  Cape Spencer,  South A u s t r a l i a ,  where 
p a r t  of t h e  CaO came from ground water  dra inage  (C. von d e r  Borch, per- 
s o n a l  communication, 1975),  and t h e  NaCl s a l i n i t y  must thereby have 
been lower than  i t  is i n  La Sa l ina .  

MoZZuscs. The s i g n i f i c a n t  autochthonous biogenic minera l  p a r t i -  
c l e s  a r e  whole o r  broken s h e l l s  of small  s n a i l s .  S h e l l s  of dead 
c e r i t h i d s  l i t t e r  t h e  sho re  by t h e  thousands a t  t h e  end of t h e  d r y  sea-  
son. They c o n t r i b u t e  t o  sediment nea r  t h e  shore ,  bu t  l e s s  so i n  mid- 
lagoon (Table 2) .  These molluscs  a r e  seasonal--i .e. ,  t hey  f l o u r i s h  
when s a l i n i t y  is  s u i t a b l e  f o r  them. A number of o t h e r  spec i e s  and a 
few clams a r e  conta ined  i n  t h e  s t r a t i g r a p h i c  record (Table 2 ,  Fig. 5 ) ,  
but on ly  a few occur  i n  t h e  youngest l a y e r s  of each core .  F o s s i l s  
o t h e r  t han  molluscs  occur  i n  only t r i v i a l  volumes, s e e  below. 

Carbonate-cemented Crus ts .  Away from t h e  o rgan ic  s l ime  i n  t h e  
no r the rn  p a r t  of t h e  lagoon, t h e  bottom is  of r a t h e r  f i rmly  packed 
g ranu la r  ma te r i a l - - ske l e t a l  and gypsum g r a i n s  and pe lo ids .  Small 
masses of grapes tone  a r e  common, but  t h i n ,  b r i t t l e  p l a t e s  and ch ips  
(1-3 cm d i a . )  enc los ing  many g r a i n s  a r e  more conspicuous (Fig.  6B-E). 
Although t r a c e s  of organic  matter a r e  entrapped i n  t h e s e  b i t s  of c r u s t ,  
ve ry  few samples have t e x t u r e s  sugges t ive  of a l g a l  l a m i n i t e s ,  o r  more 
t h a n  two superposed laminae, so  they  a r e  not  s t r o m a t o l i t e s .  The c r u s t s  
a r e  porous t o  dense, no more than  a few mi l l ime te r s  t h i c k ,  and break 
e a s i l y .  Some are p ierced  wi th  smal l  ho le s .  The c r u s t s  appear  r e l a t e d  
t o  t h e  l a c y  carbonate  c r u s t s  r epo r t ed  by Lucia (1968) from t h e  
Pekelmeer on Bonaire,  bu t  t hose  a r e  s u b a e r i a l ,  more p e r s i s t e n t ,  more 
porous, and much t h i c k e r .  The g r a i n s  cemented i n t o  t h e s e  t h i n  c r u s t s  
may be any of t h e  autochthonous carbonates  (Mg-calcite, a r agon i t e ,  dolo- 
m i t e ) ,  t h e  a l lochthonous  carbonates  (Mg-calcite, a r a g o n i t e ) ,  gypsum, o r  
p i eces  of o l d e r  c r u s t  o r  grapes tone  of t h e s e  same kinds.  Two types  (A 
and B) a r e  recognized by macroscopic c h a r a c t e r s .  

A) Fresh-looking, p a l e  ye l lowish  gray,  porous, e a s i l y  broken 
c r u s t s  (Fig. 6C) occur  on t h e  lagoon f l o o r  a t  a l l  sites sampled. En- 
c losed  i n  them a r e  g r a i n s  of o l d e r  carbonates  (pe lo ids ,  and some coated 
p e l o i d s  and fossi ls--Fig.  6G, 6H), l i t h i c  g r a i n s  of o l d  c r u s t  (Fig. 61) ,  
gypsum c r y s t a l s  and c l u s t e r s  (Fig. 6F),  and p i s o l i t h s  (Fig. 6 J ) .  Ostra- 
codes and s m a l l  forams a r e  common; s n a i l s  a r e  few because most a r e  
l a r g e r  t han  t h e  th i ckness  of t h e  c r u s t s .  A few qua r t z  g r a i n s  (Fig.  61) 
and r a r e  col lophane occur  too.  X-ray a n a l y s i s  of f r e s h  m a t e r i a l  shows 
i t  t o  be most ly a r a g o n i t e  and Mg-calcite i n  r a t i o s  of 511 t o  211. Thin 
s e c t i o n s  show microspar  l i n i n g  o r  f i l l i n g  i n t e r g r a n u l a r  po res  and h o l e s  
i n  f o s s i l s ,  and cementing g r a i n s  a t  p o i n t s  of con tac t  (Fig. 6F-J). 
These b i t s  of c r u s t  a r e  sedimentary g r a i n s  of both a r a g o n i t e  and Mg- 
c a l c i t e ,  p a r t i a l l y  l i t h i f i e d  by a contemporaneous m i c r i t i c  Mg-calcite 
and some a r a g o n i t e  druse .  

B) Dul l ,  gray t o  dark  gray,  g e n e r a l l y  denser ,  sometimes etched 
ch ips  of c r u s t ,  o therwise  similar t o  (A), a r e  taken  t o  be o l d e r  exam- 
p l e s  of t h a t  same s o r t  (Fig. 6D, 6E). These da rk  c h i p s  occur  s c a t t e r e d  
throughout t h e  co re s ;  t h e  few on t h e  lagoon f l o o r  probably have been 
d isp laced  from o l d e r  l a y e r s  and redepos i ted .  The o l d e r  aggrega tes  a r e  



minera log ica l ly  more heterogeneous than  t h e  f r e s h  ones,  f o r  a l l  X-rayed 
con ta in  some dolomite.  Aragonite  i s  l e s s  abundant than  i n  t h e  "fresh-  
er"  c r u s t s ,  and one from Unit  3K is  of dolomite  w i th  only  t r a c e s  of 
a r agon i t e  and Mg-calcite. A sample from Unit  3D is  obscurely laminated 
and composed of weakly dolomit ized s k e l e t a l  sand of Mg-calcite. "Dolo- 
mites" con ta in  40-48 mol percent  MgC03, and a r e  t hus  protodolomite  
( i . e . ,  poorly c r y s t a l l i z e d ,  Mg-deficient do lomi te) .  

Seve ra l sampleso f  c a l c i t e  from both f r e s h  and o ld  c r u s t s  and 
grapestone were measured f o r  Mg content  by t h e  method of Neumann 
(1965). The mode mol percent  of MgC03 ranges from 5.4 t o  7.6,  b u t  on ly  
one is  over  5.8. 

These aggrega tes  a r e  pe t rog raph ica l ly  very  l i k e  c r u s t s  of t h e  
Pekelmeer (Lucia,  1968, f i g s .  17 ,  18)  except t h a t  " p i s o l i t h s "  (Fig. 
65) a r e  sma l l e r  (ca. 0.5 nun) i n  La Sa l ina .  Mul t ip l e  s t a g e s  of i r regu-  
l a r  growth p r e v a i l  i n  t h e s e  a l s o ,  and some have double n u c l e i .  Except 
f o r  s i z e  they  seem homologous wi th  those  of Bonaire,  a r e  only l o c a l l y  
abundant and nowhere dominant. To c a l l  them o B l i t e s  because of t h e i r  
s i z e  would mislead t h e  reader .  Cemented p e l o i d a l  aggrega tes  ( o l d e r  
c r u s t )  a r e  reworked and redepos i ted  (Fig. 61).  The mineralogy and 
t e x t u r e s  compare c l o s e l y  wi th  t h e  d i agene t i c  f e a t u r e s  of t h e  "hyper- 
s a l i n e  f i e l d "  of t h e  Shark Bay s u b l i t t o r a l  (Logan, 1974).  Hypersal ine 
water  s i n k s  through a  mesh of  mostly carbonate  g r a i n s  t h e r e  and a t  La 
Sa l ina .  Hudec and Sonnenfeld (1974) c r e d i t  e f f i c i e n t  abso rp t ion  of in-  
c i d e n t  s o l a r  energy f o r  e l eva t ed  temperatures  (> 40°C.) i n  ano the r  
hype r sa l ine  lagoon and b e l i e v e  t h e  hea t  enhances t h e  d i agenes i s  there-  
i n .  A s i m i l a r  e f f e c t  may occur  seasonal ly  i n  La Sa l ina .  One pa r t i cu -  
l a r l y  dense, smooth, ivory-colored,  presumably young, sample from t h e  
top  u n i t  o f  Core 6 (Fig. 9) i s  a ragon i t e ,  w i th  minor, subequal amounts 
of Mg-calcite and protodolomite;  i t  i s  homogeneous and t h e  minor con- 
s t i t u e n t s  a r e  not  d i s t i n c t .  

I n  summary, f r e s h  o r  reworked g r a i n s  of a r a g o n i t e  and Mg-calcite 
accumulate and may be cemented by t h e  same minera ls ;  w i th  t ime t h e  
a r a g o n i t e  i n v e r t s  o r  is  rep laced ,  and do lomi t i za t ion  may occur .  Dolo- 
mi t ized  m a t e r i a l  is  not  uniformly a s s o c i a t e d  w i t h  gypsum, but  most 
u n i t s  t h a t  con ta in  some protodolomite  con ta in  some gypsum. 

Organic Materials. Traces (5 2%) of impalpable brownish-black 
macerated t i s s u e  is mixed wi th  f i n e  c l a y  i n  some u n i t s ,  e s p e c i a l l y  
t hose  c l o s e  t o  t h e  p e a t s  o r  t o  t h e . p r e s e n t  lagoon f l o o r .  The unident i -  
f i e d  p l a n t  capsules  ( see  appendix),peaty clumps and a  few c h i p s  of wood 
(probably mangrove) make up 1-12% of some u n i t s  (Fig. 5 ) .  The l a r g e  
organic  f r a c t i o n  i n  u n i t  6A (Fig. 9) i s  of a l g a e  wi th  perhaps some ad- 
d i t i o n s  from t h e  nearby h a b i t a t i o n s .  

Layers of compact pea t  occur  a t  t h e  bottom of Core 3 and w i t h i n  
Core 4 (Fig. 8 ,  9 ) .  The th i ckness  of g r a v e l l y  s k e l e t a l  sand stopped 
t h e  co re r  a t  o t h e r  s i t e s .  Because both p e a t s  a r e  q u i t e  s i m i l a r ,  only 
Core 3-Bed L was analyzed, by R.H. Tschudy, and f i l e d  as U.S.G.S. 
pa leobotanica l  l o c a l i t y  D5038. According t o  D r .  Tschudy, t h e  pea t  i s  
decomposed organic  ma t t e r  con ta in ing  many fungal  hyphae, some r o o t l e t s ,  



and t h e  a l g a e  Tet rapor ina  sp. and Pedias tnun  (?). P o l l e n  i s  not  abun- 
dan t ,  bu t  those  of Rhizophora (probably R. mangZe), Chenopods and 
Myrtaceae occur; spo res  of s e v e r a l  f e r n s  a l s o  occur .  Calcareous fos-  
sils t h a t  may have occurred were destroyed by t h e  a c i d i t y  of t h e  p e a t ,  
b u t  no s i l i c e o u s  f o s s i l s  occur  e i t h e r .  Microforaminifera  and d inof lag-  
e l l a t e  c y s t s  i n d i c a t e  a marine in f luence ,  a s  do t h e  a l g a e ,  according t o  
Tschudy, and t h e  presence of so  few po l l en  types  sugges t s  l i t t l e  d iver -  
s i t y  of vege ta t ion  i n  a community dominated by mangroves. This  is t h e  
c a s e  f o r  modern r ed  mangrove communities i n  t h i s  reg ion ,  and t h e  
a n c i e n t  community is  considered t o  have been dominated s i m i l a r l y  by 
r ed  mangrove. Like d e p o s i t s  of s i m i l a r  age have been descr ibed  from 
Columbia by Cohen and Wiedemann (1973). 

AZZochthonous SkeZetaZ Carbonates. Most of t h e  lagoon sediment i s  
muddy s k e l e t a l  sand and g rave l  (Fig. 5, 7, 8 ) ;  except f o r  t h e  grape- 
s t o n e  and patchy c r u s t s  d i scussed  above i t  i s  no t  consol ida ted .  The 
p a r t i c l e s  a r e  t h e  d e b r i s  of t h e  r ee f  f l a t s ,  ocean beaches and t h e  is- 
l and  i t s e l f :  g r a v e l  is mostly of P o r i t e s  and clam s h e l l s ;  sand is 
most ly HaZimeda and s n a i l  fragments,  os t racodes ,  p e l o i d s ,  and coa ted  
g r a i n s ;  mud is l a r g e l y  a l g a l ,  p l u s  m i c r i t e  bored from coa r se r  fragments.  
Qui te  r ecen t  aprons of t h i s  m a t e r i a l  l i e  a long  t h e  southwestern shore  
of La S a l i n a ,  n o r t h  of S i t e s  1 and 2 ,  and exemplify t h e  main mode of 
lagoon f i l l i n g .  

These m a t e r i a l s  a r e  Mg-calcite and a ragon i t e .  Although t h e  ske le-  
t a l  sand is f r i a b l e ,  some weakly cemented grapestone clumps occur.  The 
grapes tone  is dolomit ized t o  va r ious  degrees i n  t h e  o l d e r  beds; mol 
percentage of MgC03 ranges from 40-44%. 

S iz i ceous  M t e r i a z s .  Terr igenous minera ls  a r e  t h e  s m a l l e s t  inor -  
ganic  f r a c t i o n s  of a l l  t h e  samples, s 1 percent  i n  most samples,  and 
a s  h igh  a s  4 percent  i n  a very few (NaC1-free b a s i s ) .  Most of t h e s e  
g r a i n s  a r e  rounded and subrounded f i n e  qua r t z  sand (Fig.  6 H ) ;  a few 
rock fragments a l s o  occur.  Clays occur  i n  t r i v i a l  amounts so  were not  
analyzed.  They a r e  s u r e l y  of t h e  same s p e c i e s  found on t h e  s e a  bottom 
nearby (Weiss e t  aZ., i n  p r e s s ) :  mostly c h l o r i t e  and k a o l i n i t e ,  w i t h  
some i l l i t e  and t r a c e s  of py rophy l l i t e .  

The coa r se r  m a t e r i a l s  and some c l a y s  a r e  e o l i a n ;  c l a y  is a l s o  
brought by t h e  occas iona l  spread of muddy f r e s h  water  over  t h e  c o a s t a l  
wa te r s ,  fol lowing seve re  in land  storms. 

F o s s i l s .  Major s k e l e t a l  f r a c t i o n s  such a s  P o r i t e s  and HaZimeda 
have a l r eady  been mentioned. These, a long  wi th  minor amounts of 
echinoid  sp ines ,  s e r p u l i d  tubes  and c r u s t o s e  c o r a l l i n e  a lgae ,  r e f l e c t  
t h e  p r e v a i l i n g  r e e f - f l a t  and grass-bed c o m u n i t i e s  around t h e  i s l a n d .  
Grains  of t hese  types  occur  throughout most co re s ,  bu t  a r e  s c a r c e  t o  
absen t  i n  t h e  h igh ly  gyps i fe rous  beds (Fig.  9 ) .  Ostracodes a r e  abun- 
dant  i n  t h e  modern sediment and ca lcareous  o l d e r  l a y e r s ,  bu t  a r e  less 
numerous i n  t h e  gyps i fe rous  l a y e r s .  Foraminifera  occur  i n  a l l  c o r e s  
and most beds, bu t  a r e  much l e s s  numerous than  t h e  os t r acodes ,  pa r t i cu -  
l a r l y  i n  t h e  gypsum sands;  t h e  forams may w e l l  have l i v e d  i n  t h e  lagoon 
(Murray, 1970).  Fragments of bone and crus taceans  a r e  t r i v i a l .  Pul- 



monate s n a i l s  occur  only  i n  t h e  o l d e r  l a y e r s  a t  two s i t e s  (Table 2 ) .  

The r a t h e r  numerous molluscs were i d e n t i f i e d ,  and t h e i r  occurrence 
is  given i n  Table 2. Of t h e  many types found i n  t h e  co re s ,  on ly  5 
occur  i n  t h e  youngest s t r a t i g r a p h i c  u n i t s  (Table 2 ) .  A l l  i d e n t i f i a b l e  
genera a r e  t y p i c a l  of La te  Cenozoic and Holocene brackish  o r  shal low 
marine environments (Weisbord, 1962).  Thei r  diminishing abundance wi th  
t ime p o i n t s  t o  a  p rog res s ive  "poisoning" of t h e  lagoon by increased  
s a l i n i t y ,  j u s t  a s  does t h e  development of gypsum. 

STRATIGRAPHY 

The c o r e s  on which t h i s  s tudy  i s  based were obta ined  wi th  a  d r iven  
s t e e l  p ipe  of 6.5 cm I D .  Measurements of p e n e t r a t i o n  depth and l eng th  
of " r i se"  of c o r e  i n t o  t h e  p ipe  were made each t ime be fo re  t h e  c o r e  and 
b a r r e l  were withdrawn. A l l  c o r e s  were compressed cons iderably ,  t o  a s  
l i t t l e  a s  50-60 percent  of depth of pene t r a t ion .  The uni t - th icknesses  
i l l u s t r a t e d  (Fig. 9) a r e  a l l  " res tored ,"  i.e., increased  from t h e i r  re- 
covered l e n g t h  by t h e  f a c t o r  necessary  t o  expand t h e  t o t a l  l e n g t h  of 
co re  recovered t o  t h e  a c t u a l  depth of pene t r a t ion .  The amounts of 
l i n e a r  compaction a r e  compatible  w i th  experimental  ranges g iven  by 
Emery and Hiilsemann (1964). Although they  r e p o r t  t h a t  compaction is  of 
uniform magnitude throughout t h e  l e n g t h s  of s h o r t  co re s ,  t h e  d i f f e r e n t  
f a c i e s  and t e x t u r e s  of La S a l i n a  co re s  may not  have compacted uniformly. 
Core l eng ths  i l l u s t r a t e d  and d iscussed  he re  a r e  bel ieved t o  be r e a l ;  
t h e  t h i cknesses  of s e v e r a l  u n i t s  i n  each c o r e  may have been d i s t o r t e d  
mutual ly by t h i s  e x t r a p o l a t i o n  process ,  bu t  none a r e  t h i c k  enough t o  
v i t i a t e  t h e  geo log ica l  conclus ions .  

The sedimentary record  i n  La S a l i n a  is  r a t h e r  d i s o r d e r l y  because 
t h i n ,  l o c a l  fan-shaped wedges of s k e l e t a l - p e l o i d a l  sandy mud have in-  
vaded t h e  margins of t h e  lagoon from t ime t o  t ime. These become 
markedly f i n e r  i n  t e x t u r e  towards t h e  lagoon, from muddy g rave l  t o  mud 
o r  sand, i n  s h o r t  d i s t a n c e s  from t h e  edge of t h e  lagoon. Thei r  breadth 
i s  s m a l l  wi th  r e spec t  t o  t h e  spac ing  between c o r e s ,  which h inde r s  cor- 
r e l a t i o n s .  Fac ies  i n  mid-lagoon may a l s o  be of smal l  e x t e n t ;  e . g . ,  
Core 5B con ta ins  a u n i t  of s k e l e t a l  d e b r i s  w i th  pea t  (5B-C) which is  
only  j u s t  recognizable  i n  Core 5A, only 30 meters  f a r t h e r  n o r t h  (Fig. 2 ,  
9 ) .  The pea t  i n  Core 4 l i e s  37 cm below t h e  f l o o r  of t h e  lagoon,  
whereas t h a t  i n  Core 3 i s  123 cm deep; they  have radiocarbon ages of 
2980 and 2690 yea r s ,  r e s p e c t i v e l y  (Fig. 9 ) .  P a r t  of t h e  s e c t i o n  of 
Core 4 is  be l ieved  t o  be over turned ,  a s  expla ined  below. 

Radiocarbon d a t e s  have been obta ined  from c e r t a i n  of t h e  u n i t s .  
Most confidence is placed i n  t hose  from t h e  pea t  l a y e r s  (3L and 4C) 
because (1) t h e  p e a t s  a r e  r e l a t i v e l y  t h i n ,  and (2) ages  of carbonate  
u n i t s  a r e  doub t l e s s  t h e  medians of  broad s p e c t r a  of maximum ages of 
g ra ins .  Given t h e  patchy depos i t i on  of s k e l e t a l  m a t e r i a l ,  a b s o l u t e  
ages  might be t h e  b e s t  c o r r e l a t i o n  t o o l ;  sed imenta t ion  r a t e s ,  however, 
were e r r a t i c  i n  both space  and t ime so  t h a t  no c o r r e l a t i v e  t i e s  a r e  
suggested i n  F igure  9. 



Ages of dated u n i t s  a r e  posted i n  Figure 9, and considered t o  be 
the  age of the mid-point of each u n i t .  Measurements, made by Dennis 
Coleman of the I l l i n o i s  Geological Survey, a r e  a s  follows: 

Unit - Radiocarbon Years B.P. B.C. Years A.D. 

2C 

2E 

3L 

4B p a r t  A 
p a r t  B 

4C 

4D 

5A-B 

5A-C 

Approximate average r a t e s  of sedimentation can be computed from 
t h e  ages and s t r a t i g r a p h i c  i n t e r v a l s  between t h e  mid-points of dated 
un i t s .  For o lde r  i n t e r v a l s ,  the  r a t e  from Unit 2E t o  2C is 0.09 cm/yr 
near the  lagoon margin and 0.02 cm/yr from 5A-D t o  5A-B i n  mid-lagoon. 
For younger i n t e r v a l s  (up t o  the  lagoon f l o o r )  t h e  r a t e  is 0.02 cm/yr 
f o r  both Units  2C and 5A-B. The average r a t e  from 3L t o  the  su r face  
i s  0.05 cm/yr, but  the  i n t e r v a l  i s  so  t h i c k  the  value  is  unre l i ab le .  
The r a t e  from 4B t o  the  surface  is the  same, but the  abnormal h i s t o r y  
of Unit 4B (see  below) requires  t h i s  va lue  be  ignored. 

NomZ Succession. The s t r a t i c  succession i n  La Sal ina  records a 
h i s t o r y  of lagoonal sedimentation, but  one with a marked change from 
normal marine t o  hypersal ine conditions. Peat  and skele ta l -peloidal  
carbonates a r e  t h e  o lde r  sediments, t h e  carbonates having been brought 
mostly from t h e  i s l and  and seaward beaches by storms. The main body 
of sediment, continuing t o  the  present  day, is of carbonates with gyp- 
sum. The gypsum, together with modern-day seasonal  h a l i t e ,  records 
t h e  d e t e r i o r a t i o n  of c i r c u l a t i o n  and onset  of hypersa l ine  condit ions.  
This began about 2700 years B.P., and terminated the  accumulation of 
red mangrove peat  3L. 

Red mangrove w i l l  grow i n  waters  ranging from normally s a l i n e  t o  
f resh ,  but  establishment of seedl ings  is favored by i n i t i a l  s a l i n i t y  
approaching t h a t  of normal sea  water (Stern and Voigt, 1959). Although 
no work has been done on t h e  to lerance  l e v e l s  of mature p lan t s ,  hyper- 
s a l i n e  environments appear t o  be unfavorable. Red mangrove cannot 
pioneer o r  expand under hypersal ine condit ions,  however, f o r  seedl ings  
a r e  deter red  by s a l i n i t i e s  140% of normal, i. e., about 50°/00 (Bowman, 
1917, pp. 631, 671). Thus, the  mangrove community must have deter io-  
r a tedevenbefore  condit ions had become s u i t a b l e  f o r  the  accumulation 
of gypsum. 

A tenuous l i n k  t o  t h e  sea has existed a t  t h e  northwest corner of 



La S a l i n a  i n  more r e c e n t  t imes,  through t h e  smal l  pond (Fig. 2) and 
channel desc r ibed  e a r l i e r .  It is p o s s i b l e  t h a t  t h i s  w a s  t h e  s i t e  of 
t h e  2700-year-old connect ion t o  t h e  sea .  Gypsum is s p a r s e  i n  Core 6, 
t h e  n e a r e s t  sample s i t e ,  and t h e  a c i d - r e s i s t a n t  r e s idues  con ta in  more 
qua r t z  sand and s i l t  than  o t h e r  cores .  The amount of qua r t z  i n c r e a s e s  
upward, t o  about  4 percent  of t h e  s a l t - f r e e  s o l i d s .  Eol ian  t r a n s p o r t  
may have brought some, bu t  t h e  muddy f r e s h  water  t h a t  overspreads 
c o a s t a l  wa te r s  and surrounds t h e  keys s e v e r a l  t imes each yea r  (Weiss 
e t  az., i n  p r e s s )  could have brought f i n e  c l a s t i c s  from t h e  mainland 
by i n t e r m i t t e n t  f looding  of t h i s  channel.  The i n c r e a s e  of q u a r t z  up- 
ward i n  Core 6 is, by t h i s  hypothes is ,  compatible  wi th  r i s i n g  s e a  l e v e l  
p o s t u l a t e d  f o r  t h e  last  2500-3000 years .  The amount of qua r t z  is  l e s s  
than  t h a t  i n  modern bottom sediments  nea r  Cayo S a l ,  and i t  comes l a rge -  
l y  from such l e n s e s  of muddy f l o o d  water  (Weiss e t  aZ., i n  p r e s s ) .  

Overturned Succession. The a g e  r e l a t i o n s  i n  Core 4 a r e  anomalous, 
f o r  a n  o l d  pea t  l i e s  on appa ren t ly  much younger carbonate  sediment.  
Pea t  4C has  two sha rp  c o n t a c t s ,  i s  of age  similar t o  pea t  3L, and l i e s  
86 cm h i g h e r  (top-to-top) than  Unit  3L. P e a t  4C is "too highft--at  a 
s t r a t i c  l e v e l  t oo  young f o r  i ts  age  of 2980 y e a r s  (Fig.  9 ) .  However 
u n c e r t a i n  t h e  d a t e s  on carbonate  u n i t s  may be, t h e  d a t e s  of p e a t s  a r e  
good. Because of i t s  anomalous s t r a t i c  p o s i t i o n ,  Unit  4C is shown 
bounded by unconformit ies  (Fig. 9 ) .  

The abnormal form of t h e  n o r t h e a s t e r n  quadrant  of Cayo S a l  r ee f  
p la t form w a s  touched on e a r l i e r .  E l  Huequito (Fig. 2) has  t h e  shape 
of a segment of a c i r c l e  cen te red  a t  t h e  n o r t h e a s t  corner  of t h e  r ee f  
platform. It is separa ted  from La Sa l ina  by a narrow, low berm of 
s k e l e t a l  sand t h a t  is lower and q u i t e  d i f f e r e n t  from t h e  c o r a l  cobble 
material t o  t h e  west  and e a s t  of i t  (Fig .  2).  That berm is poor ly  
vegeta ted ,  e s p e c i a l l y  by comparison t o  o t h e r  p a r t s  of t h e  i s l a n d ,  and 
its h e i g h t  and p r o f i l e  sugges t  i t  was formed by t h e  su r f  i n  t h e  bay, 
as though a n  open gap may have been c losed  p rog res s ive ly  by s u r f  and 
by growth of low sand s p i t s  from both  s i d e s  of t h e  bay. 

One hypothes is  t o  exp la in  t h e  topographic and geographic a s p e c t s  
of E l  Huequito, and t h e  s t r a t i c  and chronic  a s p e c t s  of Core 4, is  t h a t  
La S a l i n a  once included t h e  a r e a  of E l  Huequito, and t h a t  c a t a s t r o p h i c  
d e s t r u c t i o n  of t h e  n o r t h e a s t  corner  of Cayo S a l m a d e  s e v e r a l  changes i n  
quick  succession:  

d i sp l aced  t h e  unconsol ida ted  m a t e r i a l  of t h e  n o r t h e a s t  corner  
of t h e  i s l a n d  wi thout  d i s p l a c i n g  much of t h e  c o a r s e  c o r a l g a l  
rubb le  t o  r i g h t  and l e f t  (Fig.  2 ) ( i f  i t  was indeed a l r eady  
the re )  ; 

t o r e  up a n  o l d  m a t  o f  p e a t  from below t h e  lagoon f l o o r ,  r a f t e d  
i t  southwestward and redepos i ted  i t  as Unit 4C. (About 5% 
of Unit  5B-C and b a s a l  5B-B is sh reds  and c l o t s  of p e a t ,  pos- 
s i b l y  p a r t  of t h i s  same r edepos i t ed  mat of p e a t . ) ;  

spread mine ra l  d e b r i s  from lagoonal  and s u p r a t i d a l  d e p o s i t s  
over  t h e  f l o o r  of E l  Huequtto and p a r t  of La S a l i n a  ( ?Un i t s  
4A, 4B?); 



i v )  and l e f t  E l  Huequito open t o  t h e  sea  and exposed t o  coloniza-  
t i o n  by c o r a l s .  

Considerable r e l o c a t i o n  of f i n e  m a t e r i a l s  must a l s o  have occurred 
throughout t h e  lagoon, bu t  t hese  cannot now b e  d i s t ingu i shed  with con- 
f idence .  The hype r sa l ine  cond i t ion  of La Sal ina  was moderated u n t i l  
s epa ra t ion  of El  Huequito from La Sa l ina  once aga in  e s t ab l i shed  hyper- 
s a l i n i t y  i n  t h e  lagoon. 

The event  must have occurred a f t e r  770 B.P. and be fo re  500 B.P. 
Unit  4D is  t h i c k  (Fig. 9)  and t h e  upper p a r t  i s  c e r t a i n l y  much younger 
than  770 years ,  bu t  by how much cannot  be  even guessed ( i t  may even 
inc lude  some carbonate  redepos i ted  a long wi th  t h e  p e a t ) .  I n  h i s t o r i c  
terms t h i s  occurred between 1180 and 1450 A.D., probably c l o s e r  t o  t h e  
l a t e r  da t e .  

Subsequent t o  t h i s  supposed event ,  c o r a l s  became es t ab l i shed  i n  
E l  Huequito, and su r f  f i l l e d  t h e  breach i n t o  t h e  lagoon by bui ld ing  a 
sandy beach and berm a long t h e  southwest margin of t h e  bay, perhaps 
where t h e  storm-laid d e b r i s  was heaped h ighes t .  P l a n t  succession i s  
s t i l l  i n  e a r l y  s t a g e s  on t h i s  berm. 

Such a c a t a s t r o p h i c  event ought t o  have l e f t  o the r  evidences of 
i ts  occurrence. Damage h a s  occurred on t h e  no r theas t  quadrants  of 
neighboring i s l a n d s  (Weiss e t  aZ., i n  p r e s s ) ,  bu t  no means of es t imat -  
ing d a t e s  i s  a t  hand. The no r theas t  quadrant of t h e  r e e f  edge of Cayo 
Peraza (Fig. 1 )  was broken sometime be fo re  1950, t h e  d a t e  of e a r l i e s t  
a i r  photos. This allowed heavier  su r f  t o  reach  t h e  i s l a n d  and d i s p l a c e  
l o o s e  sand from behind p r o t e c t i v e  r i m s  of beachrock (themselves having 
radiocarbon ages  of zero  y e a r s ) .  The r ee f  f l a t  on t h e  no r theas t  quad- 
r a n t  of Cayo d e  Los Muertos (Fig. 1 )  i s  l i t t e r e d  wi th  Acropora paZma-tu 
d i sp laced  from t h e  reef  f r o n t .  The platform nor th  of Cayo Borracho 
(Fig. 1 )  has  l a r g e r  a r e a s  of c o r a l  rubb le  than of l i v i n g  c o r a l ,  d e s p i t e  
being a favorable  s i t e  wi th  regard  t o  depth,  c l a r i t y ,  and c i r c u l a t i o n .  
Each of t hese  examples seems "modern" i n  a spec t ,  f o r  d e b r i s  thrown onto 
a r ee f  f l a t  probably cannot endure boring and s o l u t i o n  more than a few 
decades. These a d d i t i o n a l  examples do l i t t l e  more than  show t h a t  spec- 
t a c u l a r l y  d e s t r u c t i v e  waves have s t r u c k  t h i s  coas t  from the  no r theas t .  
It remains t o  cons ider  t h e i r  sources  and frequency . 

HURRICANES AND TSUNAMIS 

Des t ruc t ive  waves from hur r i cane  o r  seismic events--or surges  as -  
soc ia t ed  with either--might do t h e  job,  bu t  n e i t h e r  s o r t  of ca t a s t rophe  
i s  common i n  t h e  southern  Caribbean. Fur ther ,  h i s t o r i c a l  records  of 
n a t u r a l  events  a r e  almost non-existent f o r  t h i s  p a r t  of r u r a l  Venezuela. 

Hurricanes 

Hurricanes a r e  not  known t o  o r i g i n a t e  i n  t h e  c e n t r a l  p a r t  of t h e  
~ar ibbean-- i .e . ,  between Columbia-Venezuela and Jamaica-Hispaniola 
(Dunn, 1956). Fur ther ,  only fou r  (1802, 1877, 1892, 1933) have passed 
along o r  a c r o s s  Venezuela's Caribbean coas t  i n  n e a r l y  500 yea r s  



(Tannehi l l ,  1950).  Those spawned i n  t h e  major source  a r e a  (off  
Martinique-Barbados-Trinidad) c ros s  t h e  Caribbean on a westward t r a c k ,  
bu t  a lmost  wi thout  except ion  they t w i s t  s lowly t o  t h e  r i g h t  ( G a r r i o t t ,  
1900; F a s s i g ,  1913; Mi t che l l ,  1924; Dunn and Mi l l e r ,  1964) s o  a s  t o  
swing away from Venezuela and Colombia. This  f a c t ,  p l u s  t h e  concentra-  
t i o n  of wind power i n  t h e  r i g h t  f r o n t  quadrant  of each advancing storm, 
p r o t e c t s  c o a s t a l  Venezuela and t h e  waters  o u t  t o  t h e  Dutch A-B-C 
i s l a n d s  from a l l  b u t  t hose  s torms t h a t  a r e  abnormally f a r  t o  t h e  south .  
T rop ica l  s torms of sub-hurricane i n t e n s i t y  a r e  l e s s  r e s t r i c t e d  (~016x1, 
1953),  b u t  a l s o  l e s s  damaging; t h e i r  inc idence  and t r a c k s  a r e  l e s s  
thoroughly known, p a r t i c u l a r l y  i n  t h e  pre-20th Century records .  

Hurr icane r eco rds  of d i f f e r i n g  p r e c i s i o n  a r e  a v a i l a b l e  from 1493 
t o  t h e  p r e s e n t .  It is  c l e a r  t h a t  most of those  o r i g i n a t i n g  near  o r  
pass ing  through t h i s  p a r t  of t h e  Caribbean Sea pass  t h e  meridian of 
Ch ich i r iv i che  (68Ol5 ' ) a t  l a t i t u d e s  of 14" o r  more North (Tannehi l l ,  
1950; Dunn and M i l l e r ,  1964),  and t h a t  those  abnormally f a r  south  f o r  
t h i s  l o n g i t u d e  pas s  south  of 13" North La t i t ude .  Between t h e  13" 
p a r a l l e l  and t h e  c o a s t  a t  Ch ich i r iv i che  is  a d i s t a n c e  of about  230 
lans. The frequency of t hose  hu r r i canes  known t o  have c rossed  t h e  68" 
meridian south  of 13" N. La t .  is  a reasonable  guide  t o  t h e  frequency of 
major s torms t h a t  may have damaged t h e  c o a s t  of western Venezuela 
d i r e c t l y  o r  c r e a t e d  spec t acu la r  storm surges  (Table 3) .  The hu r r i canes  
t h a t  passed c l o s e s t  t o  Venezuela a r e  s t a r r e d  i n  Table 3 .  According t o  
t h e  Nat iona l  Hurr icane Center ,  s torms t h i s  f a r  south  a r e  usuaZZy n o t  a s  
i n t e n s e  a s  elsewhere,  a l though t h e s e  ve ry  r a r e  events  may a l s o  have 
been abnormally v i o l e n t  (P. J. Bebert ,  personal  communication, 1976).  
Major damage t o  t h e  c o a s t  of western Venezuela might thus  be  expected 
t o  have occurred a s  a r e s u l t  of hu r r i canes  once every 100 years .  

Tsunamis 

Tsunamis o r  s e i c h e s  a r e  on record back t o  1530 A.D. (Berninghausen, 
1969), b u t  on ly  f i v e  a r e  known t o  have damaged Venezuela. Three (1530, 
1853, 1929) s e v e r e l y  damaged Cumanb, on t h e  n o r t h  c o a s t  of Venezuela 
440 km ESE of Chichi r iv iche .  Damaging waves n o t  known t o  have been as -  
soc i a t ed  w i t h  earthquakes--probably storm surges  according t o  Berning- 
hausen (1969)--were recorded "from Venezuela" i n  1543 and on t h e  coas t  
160 km west of Ch ich i r iv i che  i n  1955. None of t h e s e  occurrences sug- 
g e s t s  i t s e l f  a s  t h e  cause  of damage t o  Cayo Sa l ,  bu t  they  i l l u s t r a t e  
d e s t r u c t i v e  waves t h a t  occas iona l ly  s t r i k e  t h e  Venezuelan c o a s t ,  and 
none coincided wi th  any of t h e  hu r r i canes  l i s t e d  i n  Table 3. 

The average r a t e  of d e s t r u c t i v e  wave a t t a c k  i n  t h i s  a r ea  s i n c e  
1493, whether from hur r i canes  o r  tsunamis, is  two per  century .  Even 
so, no h i s t o r i c a l  i n c i d e n t  can  b e  c o r r e l a t e d  wi th  t h e  formation of 
E l  Huequito and t h e  abnormal s t r a t i g r a p h y  of Core 4 i n  La Sa l ina .  Not 
only w a s  t h a t  pre-Columbian ( i f  t he  radiocarbon d a t e s  on carbonates  
can be t r u s t e d ) ,  bu t  r eco rds  of c a t a s t r o p h i c  events  of t h i s  s o r t  t h a t  
a f f e c t e d  t h e  more r u r a l  p a r t s  of t h a t  long c o a s t l i n e ,  e s p e c i a l l y  i n  
o lde r  t imes, a r e  poor. Ch ich i r iv i che ,  f o r  example, had no highway ac- 
c e s s  u n t i l  t h e  e a r l y  1960's .  



GEOLOGIC HISTORY 

The o ld  pea t  i n  Core 3 (Unit 3L) l i e s  123 cm below t h e  f l o o r  of 
t h e  lagoon and i s  17 cm th i ck ;  i t  broke c l e a n  a t  t h e  bottom of t h e  co re ,  
s o  t h e  in-place pea t  must be  t h i c k e r  than  t h e  17 cm recovered. The top  
of t h e  pea t  i s  1.49 m below " loca l"  mean s e a  l e v e l  ( t h e  median p o s i t i o n  
between h igh  and low water ,  according t o  observa t ions  and l o c a l  
sources) .  No t i d e  gauges e x i s t  near  here ;  t h e  c l o s e s t  i s  a La Guaira,  
160 km t o  t h e  e a s t .  

The depth of t h e  lagoon 2500-3000 yea r s  ago cannot be  known, b u t  
i t s  bottom a t  Core 3 (Fig. 2) cannot have been higher  than  1.49 m below 
p resen t  mean sea  l e v e l .  A t  t h a t  t ime t h e  lagoon must have been e i t h e r  
( a )  of f r e s h  t o  b rack i sh  water and s l i g h t l y  s u p r a t i d a l ,  o r  (b) connect- 
ed by a channel (s )  t o  t h e  sea  and i n t e r t i d a l .  Separa t ion  of t h e  lagoon 
from t h e  sea now i s  only  by t h e  wave-built  carbonate-sand i s l a n d ,  a 
common c o n d i t i o n  f o r  shal low c o r a l  banks, so  cause  "b" seems more l i k e -  
l y .  The p re sen t  lagoon is  i n t e r t i d a l - t o - s u p r a t i d a l ,  permanently hyper- 
s a l i n e ,  and connected r e g u l a r l y  t o  t h e  s e a  only by t h e  shal low p h r e a t i c  
zone under t h e  i s l a n d .  The change from e i t h e r  "a" o r  "b" t o  t h e  pres-  
e n t  con f igu ra t ion  r e q u i r e s  t h a t  a r e l a t i v e  r i s e  of s e a  l e v e l ,  of about  
1 .5  m,  have occurred i n  t h e  l a s t  2600-2700 radiocarbon yea r s .  F ree  
connect ion t o  t h e  sea  must have been c losed  of f  dur ing  t h i s  time, pos- 
s i b l y  by shore  processes  of t h e  r i s i n g  sea--the r emob i l i za t ion  of 
s t a b l e  sediment and c l o s i n g  of channe l ( s )  by longshore t r a n s p o r t .  

Independent evidence of a r i s e  of t h i s  magnitude i s  t o  be found on 
t h e  mainland j u s t  a few k i lome te r s  away. Two drowned t e r r a c e s  occur i n  
t h e  Gol fe te  d e  Guare, near  Ch ich i r iv i che  (Weiss, 1973).  The Go l fe t e  is 
a n  abandoned s inuous channel of t h e  Tocuyo River ,  t h e  master  s t ream of 
t h e  a l l u v i a l  lowland of e a s t e r n  Falc6n S t a t e .  Near t h e  mouth of t h e  
Go l fe t e  t h e  edge of t h e  deeper and o lde r  t e r r a c e  i s  5.2 m below modern 
sea  l e v e l ,  and sugges ts  t h a t  s e a  l e v e l  had been r i s i n g  i n t e r m i t t e n t l y  
even p r i o r  t o  2700 y e a r s  ago. The younger t e r r a c e  edge i s  1 .8  m deep, 
and of t h e  r i g h t  o rde r  t o  c o r r e l a t e  i n  v e r t i c a l  e x t e n t  w i th  t h e  ev i -  
dence from t h e  sediments of La S a l i n a .  

Evidence f o r  comparable r i s e  or  La te  Holocene sea  l e v e l  comes a l s o  
from o the r  a r eas .  Wiedemann (1973) found a red  mangrove pea t  2430 
radiocarbon y e a r s  o ld  bur ied  beneath sediments of a l a r g e  c o a s t a l  
lagoon i n  Colombia. H i s  s i t e  "a" (Wiedemann, 1973, f i g .  5 ,  t a b l e  1 )  i s  
c l o s e  t o  t h e  c o a s t ,  and r eco rds  a r e l a t i v e  rise of sea  l e v e l  of about  
2 m i n  2300 years .  This  is  a change of t h e  same o rde r  of magnitude a s  
t h a t  recorded he re  from Venezuela, bu t  t h e  s i t e s  a r e  460 km a p a r t  and 
t h e  coincidence cannot support  a c la im of e u s t a t i c  change a lone .  

Scho l l  et aZ. (1969) r e c e n t l y  r e v i s e d  t h e  e u s t a t i c  r i s e  curve f o r  
F lo r ida ;  t h e  r i s e  t h e r e  has  been almost  e x a c t l y  1 m i n  t h e  same per iod  
of 2700 radiocarbon yea r s .  P e a t s  from a wider geographic range,  in -  
c luding  Bermuda and Louisiana,  were t h e  b a s i s  f o r  a s t eady  e u s t a t i c  
r a t e  developed by Redf ie ld  (1967) f o r  t h e  l a s t  4000 yea r s .  Over 2700 
yea r s ,  t h a t  r a t e  g i v e s  a va lue  of 2 m. C lea r ly ,  t h e  r e l a t i v e  r i s e  of 
sea l e v e l  a t  Ch ich i r iv i che  has  been a t  l e a s t  p a r t l y  e u s t a t i c  i n  na tu re .  



The s i m i l a r i t y  of t h e  v e r t i c a l  i n t e r v a l s  c i t e d  from other  s t u d i e s ,  and 
t h e  most ly low-lying Late  T e r t i a r y  t e r r a i n  of t h i s  p a r t  of t h e  Vene- 
zuelan coas t  s t r o n g l y  suggest  t h a t  t h e  r i s e  has  been most ly o r  wholly 
e u s t a t i c .  

CONCLUSION 

La Sa l ina  had normal o r  brackish  s a l i n i t y  2700-2900 radiocarbon 
yea r s  ago, and accumulated r ed  mangrove pea t .  Sea l e v e l  was 1.5-1.8 m 
lower than  a t  p re sen t .  About 2600-2700 yea r s  ago the  connect ion from 
t h e  lagoon t o  t h e  s e a  was i n t e r r u p t e d  a s  shore  processes  of t h e  r i s i n g  
sea  d i s tu rbed  o ld  beach and i s l a n d  d e p o s i t s ,  and longshore t r a n s p o r t  
made a new conf igu ra t ion  of t h e  s u p r a t i d a l  sediment. The lagoon be- 
came, and remains, hypersa l ine ;  abundant gypsum c r y s t a l l i z e d  and is  
preserved i n  t h e  sedimentary f i l l .  H a l i t e  forms and r e d i s s o l v e s  
s easona l ly ,  s o  i s  n o t  p a r t  of t he  geologic  record .  Sea-level r i s e s  of 
t h i s  magnitude and r a t e  a r e  a t t e s t e d  t o  by drowned t e r r a c e s  on t h e  
nearby mainland and by bur ied  p e a t s  i n  Colombia. S i m i l a r i t y  of t h i s  
r i s e  t o  t h e  e u s t a t i c  va lues  f o r  t h e  western A t l a n t i c  and Gulf of Mexico 
sugges ts  t h a t  i t  i s  i t s e l f  most ly e u s t a t i c  i n  na tu re .  

Between 1180 and 1450 A.D., probably c l o s e r  t o  t h e  l a t t e r ,  a 
tsunami o r  s eve re  storm surge  s t r u c k  t h e  n o r t h e a s t  quadrant of t h e  
i s l a n d ,  t u rn ing  p a r t  of t h e  o l d  lagoon i n t o  a bay. A t  t h e  same time a 
buried p e a t  was reexposed and resedimented a t  an  anomalous (h igher )  
e l e v a t i o n ,  w i t h i n  carbonate  sediments younger than  i t s e l f .  The s a l i n -  
i t y  of t h e  lagoon became normal, temporari ly ,  u n t i l  c l o s u r e  of t h e  gap 
c u t  o f f  c i r c u l a t i o n  once more. The incomplete p l a n t  success ion  on t h e  
p a r t  of t h e  i s l a n d  between t h e  bay and lagoon s u g g e s t s t h a t  t h a t  depos i t  
is  young, o r  has  been uns t ab le  s i n c e  becoming s u b a e r i a l .  Cora l  growth 
i n  t h e  bay i s  r e c e n t .  Both f a c t s  p o i n t  t o  a ca t a s t rophe  i n  h i s t o r i c  
t imes, bu t  none i s  recorded i n  t h e  a r ch ives  of Venezuelan c o a s t a l  
d i s a s t e r s .  An event  i n  t h e  e a r l y  15 th  Century is t h e r e f o r e  a b e s t  es- 
t i m a t e  of t h e  occurrence.  
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Table 1. PRECIPITATION & EVAPORATION* 

Precipitation (1954-1969) 

Annual Total Percent of Annual Percent of Annual 
i n  Millimeters i n  0 ,  N, and D i n  Sept .-Jan. 

Minimum 
Annual 

Maximum 1900 
Annual 

Mean 
Annual 

Evaporation (1950-1970) 

Minimum 

Monthly 7 1  (Nov) 
Averages (mm) 

Annual ----- 
Totals (m) 

Mean 

* 
Condensed from Weiss et aZ. ( i n  press) .  



Table 2 .  MOLLUSC OCCURRENCES 

y FOSSILS 

GASTOPODS 

Arene (Marevalvata) sp. 

~ r i c o l i i  bel la  

Smaragdia v i r id i s  
viridimar i s  

Rissoina c f .  R.  
bryerea 

Teinostoma (Idioraphe) 
SP 

Teinos toma (Pseudoro- 
t e l l a )  sp. 

Caecum (Micranellum) 
regulare 

Caecum (Meioceras) 
n i  tidum 

Cerithium variable 

A B C D E  

3 

A J K L  * A B C D E  

4 

A B C D  * 

'resent i n  

lop units 



FOSSILS s 
Ceri thium sp .  

B i t  t ium (B i t  t iolum) 
v a r  ium 

Alaba i n c e r t a  

Alabina c e r  i t h i d i o i d e s  

C e r i t h i o p s i s  s p  . 
Ba lc  is c ono i d  ea 

Columbella merca tor ia  

Anachis c f .  A. obesa 

M i t r e l l a  sp .  

Ol iva  (Minioliva) c f  . 
perp lexa  

Granula l a v a l l e e a n a  

Bulla  umbi l i ca t a  

Haminoea a f f .  H. p e t i t i  

Tu rbon i l l a  sp .  

Un iden t i f i ed  pulmonates 

A B C D E  A J K L  * A B C D  * A B C D E  A B C D E  

. - 
N 

Presen t  i n  

t op  u n i t s  



PELECYPOD S 

Arcopsis adamsi 

Brachiodontes sp. 

Codakia cos tata 

Gouldia cerina 

Nmber of groups rep- 
resented 

A J K L  * A B C D  * A B C D E  FOSSILS A B C D E  

I 

-- 'resent i n  

:op units 

o = 3 or fewer = 4-5 + = more numerous * Peat beds: no calcareous fo s s i l s ;  see text 



Table 3. HURRICANE RECORD FOR 

SOUTHERN CARIBBEAN SEA 

1493-1801 - none known t o  have a f f e c t e d  Venezuela ( G a r r i o t t ,  1900) 

*I802 (Sept .  16) - Cuman6, Venezuela (10-llON.; 64-65OW.)(Garriott, 
1900) 

1831 (June 23-27) - passed from Trinidad t o  no r th  of Curacao (Redf ie ld ,  
1846) 

Three o the r  19th-Century hu r r i canes  crossed o r  came near  t o  T r in i -  
dad, and may have had abnormally sou the r ly  courses  l i k e  t h a t  of 1831. 
Their  t r a c k s  subsequent t o  t h e  d a t e s  and l o c a l i t i e s  t abu la t ed  below a r e  
not  known ( G a r r i o t t ,  1900),  which sugges t s  t h a t  they swept WNW a c r o s s  
t h e  open Caribbean. 

Oct. 1 8 ,  1809 - Trin idad  

Aug. 1 2 ,  1810 - Trin idad;  Barbados 

Oct. 10, 1847 - Tobago; Trinidad 

"1877 (Sept .  21-Oct. 5) - storm apparent ly  moved toward NW, and passed 
sou th  of Curacao on t h e  23rd. ( G a r r i o t t ,  1900; Tannehi l l ,  1950) 

1886 (Aug. 16-28) - passed from Grenada and by C u r a ~ a o  a t  about 1 3 ' ~ .  
(Fass ig ,  1913) 

*I892 (Oct. 6-15) - passed from e a s t  of Tobago a c r o s s  I s l a  Margar i ta ,  
passed about  30' (35 mi l e s )  n o r t h  of Ch ich i r iv i che ,  and crossed  
t h e  Paraguans and Gua j i r a  peninsulas  (Mi tche l l ,  1924) 

*I933 (June 27-July 6)  - or ig ina t ed  i n  t h e  A t l a n t i c ,  passed between 
Tr in idad  and t h e  mainland of Venezuela, a c r o s s  t h e  g u l f s  of P a r i a  
and Cariaco,  and then  a c r o s s  Bonaire and no r th  of Curaqao. This  
is t h e  only hu r r i cane  of record  known t o  have passed south  of 
Tr in idad  (Tannehi l l ,  1950),  a l though i t s  t r a c k  sugges t s  t h a t  t h e  
Sept . ,  1877 s torm may have had a  s i m i l a r  course.  

* 
Paths  approached t h e  mainland most c l o s e l y ,  and a r e  most l i k e l y  t o  
have a f f e c t e d  t h e  Ch ich i r iv i che  a r e a  severe ly .  



APPENDIX 

"Seed1'-like o r  " f ru i t1 ' - l ike  f o s s i l s ,  found i n  some of t h e  mineral 
l a y e r s  of the  cores  described above and re fe r red  t o  a s  "plant-capsules" 
on page 8, have been t h e  sub jec t  of much i n t e r e s t ,  and a s  ye t  have not  
been i d e n t i f i e d ,  except t o  the  ex ten t  t h a t  they seem t o  be of p l a n t  
o r ig in .  They have been shown t o  neo-botanists and paleo-botanists ,  t o  
entomologists,  t o  bryozoologists ,  t o  malacologists .  None of these  
would hazard a guess, except t o  suggest one of t h e  o the r ,  t o t a l l y  
d i f f e r e n t ,  groups of organisms. 

I had no h e s i t a t i o n ,  a t  f i r s t  glance a t  detached mate r i a l ,  about 
c a l l i n g  them Ruppia maritima L. f r u i t s ,  which would have been q u i t e  
l i k e l y ,  considering the  s a l i n e  h a b i t a t .  They were s t a lked ,  small 
asymmetrically ovoid beaked black objec ts .  Closer examination of 
severa l  dozens of specimens showed t h a t  t h i s  was not  even a c l o s e  poss- 
i b i l i t y .  The " f r u i t s "  were borne on a very s lender  branching " in f lo r -  
escence", but  mostly detached o r  on s i n g l e  c a p i l l a r y  branches, occurred 
s ing ly ,  i n  p a i r s ,  t h rees ,  and, i n  one example, decussa te ly  4 together ,  
united by t h e i r  bases a t  two s l i g h t l y  d i f f e r e n t  l e v e l s .  The " f r u i t s "  
a r e  dehiscent  d o r s a l l y  by a trap-door-like arrangement, opening from 
below. The ind iv idua l  " f r u i t s "  a r e  1-2 mm long, somewhat l a t e r a l l y  
compressed, asymmetric, with a s lender beak. On each s i d e ,  j u s t  below 
t h e  beak, i s  a t h i n  spo t ,  becoming an opening, giving t h e  impression 
of two eyes. Well preserved examples a r e  b lackish ,  smooth. When 
somewhat weathered the  surface  is  roughish and s l i g h t l y  brownish o r  
purpl i sh .  A l l  t h a t  were broken open were empty o r  had matr ix  ins ide .  
One a l ready opened when found has a mass of small bodies t h a t  might be 
seeds o r  could be mineral gra ins .  

We have a s  y e t  no c l u e  t o  t h e  i d e n t i t y  of these  f o s s i l s .  

F. R. Fosberg 
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Fig. 1 .  Index Map. Cayo Sal i s  named; smaller cays 
are (1) Cayo de Los Muertos, (2 )  Cayo Peraza, 
(3) Cayo Pelo'n. Cayo Borracho (not shown) 
l i e s  3 km NNE of Cayo Sal. 



Fig. 2 .  Map of Cayo Sal, including island platform, reef tract,  
island, and lagoon (La Salina) with core locations. Com- 
pare with aerial  photos i n  Figs. 3A and B .  



Fig. 3. A) A e r i a l  photo of Cayo S a l  taken during h igh  s t a g e  of La 
S a l i n a  i n  w in te r  of 1950-51. (Frame 241D, mission C-12, 
1950-51) 

B) A e r i a l  photo of Cayo S a l  taken during low s t a g e  of La 
Sa l ina  on May 6, 1965. (Frame 371, miss ion  020124, 1964- 
6 5 )  . 

(Published by a u t h o r i z a t i o n  of Ca r tog ra f i a  Nacional,  M.O.P., Venezuela.) 



Fig.  4 .  Gypsiferous u n i t s  i n  Core 3,  showing Beds G-J ( c f .  Fig.  8 ) .  
H, I and J are more than ha l f  seed gypsum. L igh te r  laminae 
a r e  h ighes t  i n  gypsum; da rkes t  ones have conspicuous s l i m e  of 

c l a y  and organic r e s idues .  Bar of 2 cm 
measures d r y ,  compacted th ickness .  

Fig. 5 . S h e l l s  and sc raps  i n  o l d e r  p a r t  
of Core 5B. Bed C has  s k e l e t a l  
sand and mud and a l i t t l e  p e a t  
t h a t  c o l o r s  i t  conspicuously; 
t h e  ma t r ix  of D i s  l e s s  w e l l  
s o r t e d  and has less organic  
m a t e r i a l  (cf . Fig.  8) . Bar of 
2 cm measures d ry ,  compacted 
th ickness .  



G-H) 

Figure 6 (facing) 

Piece of gypsum c r u s t ,  calcined and whitened during drying, from 

lagoon f l o o r  near  Core 5B. 

Crust of mixed gypsum and carbonate, from same sample a s  A. 

Pale,  "fresh" carbonate c r u s t  (Type A), from same sample a s  A. 

Dark, "old" carbonate c r u s t  (Type B), from same sample a s  A,  with 

intergrown gypsum r o s e t t e .  

Darkened carbonate c r u s t  (Type B), from same sample a s  A. 

Thin sec t ion  of i s o l a t e d  gypsum r o s e t t e  from same sample a s  A, 

cross-polarized l i g h t .  Matrix i s  aragonl te  with some Mg-calcite 

and a t r a c e  of dolomite. 

Two t h i n  sec t ions  of peloidal -skele ta l  carbonate c r u s t s  from Core 

2 ,  Unit A, cross-polarized l i g h t .  Crusts  c o n s i s t  of aragonite,  some 

Mg-calcite and a t r a c e  of dolomite, and a r e  cemented by mic r i t e  and 

microspar, G) Peloids ,  with ostracodes and mollusc fragments, 

packed more t i g h t l y  than i n  many grapestone and c r u s t  fragments. 

H) Peloids and s k e l e t a l  g ra ins ,  but  more porous and with more con- 

spicuous microspar. 

Thin sec t ion  of a druse-and-microspar cemented p e l o i d a l  carbonate 

c r u s t  (Type A) containing older  pe lo ida l  l i t h i c  g ra ins  (dark patches) 

a s  c l a s t s ,  cross-polarized l i g h t .  Bright spot  aga ins t  convex curve 

of l a r g e r  l i t h i c  g r a i n  is quar tz .  Crust is of a ragon i te  with some 

Mg-calcite; from Core 6, Unit A. 

Thin sec t ion  of p i s o l i t h  of drusy aragoni te  with a t  l e a s t  5 genera- 

t i o n s  of ac icu la r  druse, enclosed i n  porous f r e s h  c r u s t  of cemented 

peloids,  cross-polarized l i g h t .  Crust is of aragoni te  with some 

Mg-calcite and a t r a c e  of dolomite; from lagoon f l o o r  near Core 5B.  



F ig .  6 - Cemented aggregates o f  gypsum and carbonate g ra ins .  



Fig.  7 .  S k e l e t a l  d e b r i s ,  mostly allochthonous, i n  Core 2. Bed C 
(above) has very l i t t l e  res idue ,  but  D has some peaty shreds  
and b lebs  ( c f .  Fig. 8).  Bar of 2 cm measures dry,  compacted - 

thickness.  

Fig 8. Beds K and L of Core 3 (cf .  
Fig. 9) .  Skele ta l -pe lo idal  
debr i s  with very l i t t l e  gyp- 
sum lies over a mangrove pea t  
of 2690 +- 75 radiocarbon yea r s  
t h a t  conta ins  t r i v i a l  amounts 
of mineral matter .  Bar of 
2 cm measures dry ,  compacted 
thickness.  

Explanation f o r  Figure 9 (facing) 

CARBONATE i s  mostly s k e l e t a l  and pe lo ida l .  GYPSUM is  seed gypsum 
of sand and s i l t  s i z e .  Organic ma te r i a l  t y p c i a l l y  exceeds quartz- 
plus-clay i n  ac id - res i s t an t  RESIDUES. PEAT occurs a s  compact masses 
and a s  s c a t t e r e d  shreds  and b lebs .  

Three sedimentary s t r u c t u r e s  are dis t inguished:  SKELETAL--in 
which g ross  d e b r i s  i s  conspicuous; MASSIVE--having a uniform, compact 
s t ruc tu re ;  LAMINATED--like massive but  wi th  c o l o r / t e x t u r a l  bands such 
a s  gypsum and organic mud. 

The t e x t u r a l  r a t i o s  of the  p a r t i c l e s ,  g ra ins  and s k e l e t a l  shards  
i n  t h e  beds are given a s  MUD 3 SAND-plus-granules. 

S t r a t i g r a p h i c  u n i t s  a r e  l e t t e r e d  from t h e  lagoon f l o o r  down. 
Radiocarbon d a t e s  r e f e r  t o  the  u n i t s  between t h e  boundaries in-  

d ica ted .  



. . . .  
G R A D A T I O N  

BA PEAT: BEDISHREDS 

100 G Y P S  0 

4 

C A R E  100  
D G Y P S  0 

+ CARBONATE:  P E R C E N T / I R A C E  

GYPSUM: P E R C E N T l T R A C E  

mm RESIDUE:  P E R C E N T I T R A C E  

Fig.  9 .  Graphic logs  of t h e  co res  ar rayed with t h e i r  tops  
f l o o r )  on a  common l i n e .  
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( t h e  lagoon 
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