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Abstract--Planktic foraminiferal provinces of Caribbean DSDP Hole 502A and East Pacific DSDP Hole 
503A have been analyzed and compared with benthic and planktic isotope records, carbonate, hiatus 
events, and sea level changes. Four major events are evident in the closure history of the Pacific-Caribbean 
gateway, at 6.2, 4.2, 2.4 and 1.8 Ma. The faunal change at 6.2 Ma coincides with the 81~C shiR and is pri- 
marily caused by upwelling in the western Caribbean. This suggests restricted circulation of intermediate 
water and deflection northeastward, strengthening the Gulf Stream as reflected in the first major erosion 
on Blake Plateau. The second faunal change, at 4.2 Ma, coincides with increased surface water salinity 
evident in 8180 data and indicates increasingly restricted surface water exchange. Divergence of faunal 
provinces beginning at 2.4 Ma is marked by increasing abundance of high salinity tolerant  species 
(Globigerinoides ruber) in the Caribbean. This suggests that initial closure of the Pacific-Caribbean 
gateway and cessation of sustained surface current flow between the Pacific and Caribbean occurred as late 
as 2.4 Ma. Maximum divergence of faunal provinces begins at 1.8 Ma and continues to the present. This 
implies that at  least incipient littoral-neritic leakage occurred across the Pacific-Caribbean gateway 
between 2.4 and 1.8 Ma, with final closure by 1.8 Ma. 

Resumen---Se han estudiado Ins provincias de foraminiferos planct6nicos de los sondeos del DSDP 502A, 
en el Caribe, y 503A en el Pacifico. Estas se compararon con los registros isotbpicos de los foraminfferos 
planctbnicos y bent6nicos, con el contenido de carbonate, con Ins brechas y con los cambios en el nivel del 
mar. Cuatro eventos faunisticos importantes son evidentes en la historia del cierre del pasaje Paclfico- 
Caribefio. Estos acontecieron hace 6.2, 4.2, 2.4, y 1.8 Ma. E1 primer cambio faunistico (6.2 Ma) coincide con 
una variaci6n de 81SC, fue causado prineipalmente per "upwelling" en el Caribe Occidental. Esto prove- 
carla una circulaci6n restringida de agua intermedia, que se desviaria hacia el Noreste, reforzando la 
Corriente del Golfo, come puede observarse en la primera gran erosi6n de la Plataforma de Blake. El 
segundo eambio de fauna (4.2 Ma) coincide con un incremento en la salinidad de las aguas superficiales, on- 

18 contrada en los dates de 8 O, e indica una creciente disminuci6n en el intercambio de las aguas. La separa- 
ci6n de las provincias faunisticas que comienza hace 2.4 Ma se earacteriza en el Caribe per un aumento de 
especies tolerantes de alta salinidad (Globigerinoide8 ruber). Esto sugiere, que el cierre initial del pua je  
Pacitico-Caribefio y el fin de la corriente superficial entre el Paclfico y el Caribe se prod~o, come maximo, 
haco 2.4 Ma. Las mayorsa divergvncias de Ins provincias faunieticas comenzaron hace 1.8 May contint~an 
hasta el presente. Esto implica que, al menos, los condiciones neritico-litorales se mantuvieron en el pasaje 
Paeifico-Caribefio desde los 2.4 Ma hasta haco 1.8 Ma. 

I N T R O D U C T I O N  

THE PACIFIC-CARIBBEAN g a t e w a y  h a s  s e r v e d  a fun-  
d a m e n t a l  r o l e  in  g l o b a l  c i r c u l a t i o n  a n d  c l i m a t e  s ince  
t h e  l a t e  Mesozoic .  D i s r u p t i o n  o f  t h i s  g a t e w a y  in the  
l a t e  N e o g e n e  h a s  r e s u l t e d  in  m a j o r  d i f f e r e n c e s  in  c i r -  
c u l a t i o n  p a t t e r n s ,  w a t e r  c h e m i s t r y ,  a n d  f a u n a l  pro-  
v inces .  

I n  t h e  n o r t h e r n  P a c i f i c  O c e a n ,  r e s t r i c t i o n  a n d  
e v e n t u a l  c l o s u r e  o f  t h e  C a r i b b e a n  g a t e w a y  r e s u l t e d  
in  i n c r e a s e d  g y r a l  c i r c u l a t i o n  a n d  t h e r m a l  g r a d i e n t s .  
In  t h e  C a r i b b e a n  Ocean ,  d i v e r g e n c e  of  w a t e r  n o r t h -  
w a r d  i n t e n s i f i e d  the  G u l f  S t r e a m  a n d  i n c r e a s e d  the  
v o l u m e  o f  w a r m ,  s a l i n e  w a t e r s  in to  h i g h  l a t i t u d e s .  
E v a p o r a t i o n  o f  t h i s  w a t e r  led  to i n c r e a s e d  p r e c i p i t a -  
t i o n  o v e r  e a s t e r n  C a n a d a  a n d  G r e e n l a n d  w h i c h  
r e s u l t e d  in  coo l e r  t e m p e r a t u r e s ,  t he  d e v e l o p m e n t  of  a 
p o l a r  ice cap ,  a n d  the  i n i t i a t i o n  o f  n o r t h e r n  h e m i -  
s p h e r e  g l a c i a t i o n  by  a b o u t  3.2-2.5 M a  ( S h a c k l e t o n  
a n d  K e n n e t t ,  1975; S h a c k l e t o n  a n d  O p d y k e ,  1977,  
S h a c k l e t o n  a n d  H a l l ,  1984). 

D i v e r g e n c e  of  A t l a n t i c  a n d  P a c i f i c  l o w - l a t i t u d e  
w a t e r  m a s s e s  c a n  l a r g e l y  be  t r a c e d  to  t h e  d e v e l o p -  
m e n t  of  a s i l l  a c r o s s  C e n t r a l  A m e r i c a  i n  e a r l y  to  
m i d d l e  M ioc e ne  t i m e  ( M u l l i n s  a n d  N e u m a n n ,  1979)  
t h a t  r e s t r i c t e d  A n t a r c t i c  B o t t o m  W a t e r  ( A A B W )  f low 
in to  t he  C a r i b b e a n  ( K e l l e r  a n d  B a r r e n ,  1983).  S h o a l -  
i n g  a n d  c o n s t r i c t i o n  of  t h e  P a c i f i c - C a r i b b e a n  g a t e -  
w a y  in  m i d d l e  to  l a t e  M i o c e n e  t i m e  r e s u l t e d  i n  
w e a k e n i n g  a n d  r e s t r i c t i o n  o f  d e e p  a n d  i n t e r m e d i a t e  
w a t e r  f low in to  t he  e a s t e r n  P a c i f i c  a n d  s t r e n g t h e n e d  
the  G u l f  S t r e a m  s y s t e m  ( K a n e p s ,  1979 ;  K e i g w i n ,  
1982a,b) .  D u r i n g  t h e  l a t e  M i o c e n e ,  p r o d u c t i o n  o f  
N o r t h  A t l a n t i c  D e e p  W a t e r  ( N A D W )  f u r t h e r  d i f f e r -  
e n t i a t e d  Pac i f i c  a n d  A t l a n t i c  w a t e r  m a s s e s  ( B l a n c  e t  

a L ,  1980; K r o o p n i c k ,  1980). By  e a r l y  to  m i d d l e  P l i o -  
cene  t i m e ,  o n s e t  of  n o r t h e r n  h e m i s p h e r e  g l a c i a t i o n ,  
coup led  w i t h  s e v e r e l y  r e s t r i c t e d  f l ow  t h r o u g h  t h e  
P a c i f i c - C a r i b b e a n  g a t e w a y ,  l e d  to  m a j o r  s a l i n i t y  
c h a n g e s  in  t h e  C a r i b b e a n  ( K e i g w i n ,  1982a ,b ;  P r e l l ,  
1982; O b e r h a n s l i  a n d  H e m l e b e n ,  1984; S h a c k l e t o n  
a n d  H a l l ,  1984). E m e r g e n c e  o f  t h e  P a n a m a  i s t h m u s  
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Fig. 1. Location map of DSDP Sites 502A and 503A, and 
schematic illustration of Pleistocene explosive volcanic centers. 

changes in abundance of dominant species groupings 
of surface (0-100 m) and intermediate (100-300 m) 
water dwellers based on oxygen isotope ranking of 
individual species (Keller, 1985). These results are 
compared and correlated with carbon and oxygen iso- 
tope data, carbonate in sediments, erosion patterns, 
sea level changes, and volcanic activity. These data 
elucidate the history and final closure of the Carib- 
bean gateway during the past 8 million years. 

M E T H O D S  

Foraminiferal samples were processed by standard 
techniques (Stone and Keller, 1985). Quantitative 
analysis was based on splits of 300-500 individuals 
from the > 150mm size fraction using a modified Otto 
microsplitter. All specimens were picked, mounted 
on microslides, and identified. Species abundance 
data are listed in Tables 1-7. 

is estimated to have occurred between middle and 
late Pliocene time (Keigwin, 1979, 1982a,b; Kaneps, 
1979; Gartner et a[., 1987). 

Major changes in circulation between the Carib- 
bean and eastern Pacific - -  particularly changes in 
salinity, temperature,  and nutrients - -  are recogniz- 
able in carbon and oxygen isotope data from analysis 
of benthic and planktic foraminifers as well as fluc- 
tuating populations of foraminifers and nannofossils. 
Benthic foraminifers  at  DSDP Sites 502 and 503 
show faunal associat ions indicative of changing 
water masses influenced by the uplift of the Isthmus 
of Panama (McDougall, pers. commun., 1987). In a 
study of the Pacific-Caribbean distr ibution of the 
benthic foraminifer Amphistegina gibbosa, Crouch 
and Poag (1979) estimated that the initial closure of 
the Isthmus of Panama began at about 2.5 Ma, with 
complete closure occurring as late as 1.8 Ma. A qua- 
litative study of planktic foraminifers of DSDP Sites 
502 and 503 by Keigwin (1982c) showed diachroneity 
of species extinctions as well as gradual divergence of 
faunal patterns through the Pliocene. A more com- 
prehensive study by Gartner et al. (1987), based on 
nannofossils  from the eas tern  Pacific (Site 577), 
Caribbean (502), and Gulf  of Mexico (Core E67), 
revealed divergent faunal provinces during early to 
late Pliocene, with emergence of the Panama isth- 
mus possibly as late as 2.3 Ma. 

The purpose of this paper is to e luc ida te  the 
oceanographic changes induced by shoaling and sub- 
sequent emergence of the Panama isthmus during 
the last 8 million years. This s tudy is pr imari ly 
based on quantitative investigation of planktic fora- 
minifers of the western Caribbean Hole 502A and 
eastern equatorial Pacific Hole 503A (Fig. 1). Our 
premise is that planktic foraminifers that live pri- 
marily in the upper 300 meters of the water column 
should show progressive changes as the isthmus rose, 
restricting and eventually eliminating communi- 
cation between the Caribbean and the Pacific. Our 
faunal analysis is based on population abundance 

B I O S T R A T I G R A P H Y  

Pelagic and hemipelagic sediments recovered from 
DSDP Holes 502A and 503A represent an essentially 
continuous late Neogene record as indicated by 
paleomagnetic and biostratigraphic studies (Kent 
and Spariosu, 1982a,b; Keigwin, 1982c; Baldauf, 
1985; Zenker, 1986). Preservation of foraminiferal 
assemblages is generally good, but intermittent car- 
bonate dissolution is apparent -- particularly in the 
eastern Pacific Hole 503A. In these intervals, abun- 
dance of dissolution-prone species (surface dwellers) 
is generally reduced, biasing the assemblage toward 
more solution-resistant (deeper dwelling) species. 
These dissolution intervals account for some of the 
abundance variability but do not affect overall 
trends. 

Planktic foraminiferal biostratigraphy of Holes 
502A and 503A was originally reported by Keigwin 
(1982c), and our results are in essential agreement 
(Zenker, 1986). Therefore, our discussion here is 
restricted to major faunal differences between the 
Caribbean and eastern Pacific which may be related 
to closure of the Pacific-Caribbean gateway. Because 
excellent paleomagnetic and biostratigraphic studies 
are available for Holes 502A and 503A (Kent and 
Spariosu, 1982 a,b; Keigwin, 1982c; Baldauf, 1985; 
Zenker, 1986), absolute ages were calculated for all 
samples based on the paleomagnetic stratigraphy of 
Kent and Spariosu (1982), the integration of cal- 
careous and siliceous microfossil datum events, and 
extrapolation of sample ages from sediment accumu- 
lation rates. 

F A U N A L  P R O V I N C E S  

Planktic foraminifera live primarily in the upper 
300m of the water column with some species pre- 
ferring surface waters (0-100m) and other inter- 



Late Neogene history of the Pacific-Caribbean gateway 75 

mediate waters (100-300m). Depth stratification can 
be determined from oxygen isotope ranking of 
species; isotopically light species live closest to the 
surface, isotopically heavier species live in deeper 
waters near or below the thermocline (Fairbanks et 
al., 1979, 1982; Oberhansli and Hemleben, 1984; 
Keller, 1985). Keller (1985) has applied oxygen 
isotope ranking of species to trace oceanographic 
changes reflected in changing watermass stratifi- 
cation in the Pacific through the Miocene. We apply 
this method here to show that population differences 
between surface and intermediate dwelling species 
reflect changes in oceanographic conditions such as 
climate, temperature, salinity or circulation. We 
hope to determine which effect(s) is(are) present with 
the aid of stable isotope data, sea level changes, and 
hiatuses. 

Intermediate Dwellers 

Relative abundances of dominant intermediate- 
dwelling species are illustrated in Fig. 2. These 
species populations would be affected first by a rising 
isthmus and restricted flow through the Pacific- 
Caribbean gateway. Significant differences between 
the Caribbean and eastern Pacific are apparent in all 
dominant species populations of intermediate-depth 
dwellers (Neogloboquadrina humerosa and N. duter- 
trei, N. pachyderma, Globorotalia menardii) except 

for Neogloboquadrina acostaensis, beginning at or 
just before 6.2 Ma. The most dramatic change occur- 
red in the Neogloboquadrina pachyderma population. 
This species is nearly absent in the eastern equa- 
torial Pacific but dominates in the Caribbean, 
reaching 40-60% between 6.2 and 4.3 Ma. Neoglobo- 
quadrina pachyderma is known to be a cold-water, 
high-latitude species (Ingle, 1963; Be and Hamlin, 
1967; Kennett, 1968; Prell and Hays, 1976; Keller, 
1978; Reynolds and Thunell, 1986); its presence in a 
tropical Caribbean assemblage is anomalous. It is 
likely that this N. pachyderma population thrived in 
upwelling currents (Keigwin, 1982c) that may have 
been caused by deflection of intermediate water  
northeastward by a rising Panama isthmus. 

Upwelling appears to have continued in the west- 
ern Caribbean until about 3.2 Ma. This is implied by 
the abundance ofN. pachyderma between 6.2 and 4.3 
Ma and by a significant increase in the upwelling 
species Globigerina bulloides between 4.3 and 3.2 
Ma. Thereafter, upwelling species are an insignifi- 
cant component among Caribbean foraminiferal  
assemblages (Fig. 2). 

Throughout the late Neogene there are major 
differences among globorotalid species. Globorotalia 
tumida and G. menardii are common to abundant in 
the eastern Pacific. In contrast, G. tumida is nearly 
absent in the Caribbean and G. menardii is only 
intermittently common (Fig. 2). These population 

G. TUMIDA G. MENARDII NACOSTAENSIS G.BULLOIDES N. PACHYDERMA N DUTERTREI& 
G. WOODI N HUMEFtOSA 
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Fig. 2. DSDP Sites 502A and 603A: Relative abundance of dominant  planktic foraminiferai species living a t  in termediate  depths  
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104 G. KELLER, C. E. ZENKER, and S. M. STONE 

differences most likely reflect changes in water tem- 
perature and salinity (Keller, 1985). An abundance 
peak of G. tumida in Pacific Hole 503A between 7 
and 7.5 Ma appears to indicate a warm event, as 
similar abundance peaks are present in the warm 
surface water Globigerinoides group (Fig. 3). No data 
for this interval are available for Caribbean Hole 
502A. Differences in faunal provinces are also seen 
in reduced abundances of Neogloboquadrina duter- 
trei and N. humerosa in the Caribbean prior to 5.2 
Ma and during the last 3 million years. These species 
population changes imply that, among intermediate- 
water dwellers, faunal provinces diverged signifi- 
cantly as early as 6.2 million years ago and again 
between 2 and 3 million years ago. 

Surface Dwellers 

Relative abundance changes of dominant surface 
dwellers of Holes 502A and 503A are illustrated in 
Fig. 3. These species would be affected last by closure 
of the Pacific-Caribbean gateway. All Globigerin- 
oides species show high-frequency abundance fluc- 
tuations. Some of the lower peaks, however, are 
partly caused by intervals of carbonate dissolution 
and climatic cooling. We ignore, therefore, single- 
peak abundance changes in favor of overall trends. 
With these constraints, the only significant change 

between the western Caribbean and eastern Pacific 
faunal provinces is an overall greater abundance of 
G. triloba in the Pacific between 5.4 and 2.4 Ma. In 
fact, the first major and permanent  change among 
surface dwellers begins at 2.4 Ma (Fig. 3). From this 
time on, Globigerinoides species - -  in part icular G. 
ruber - -  dominate the Caribbean faunal  province,  
whereas in the eastern equatorial Pacific this group 
declines sharply beginning at 2 Ma. 

Abundances of Globigerinodes ruber and G. sac- 
culifer are controlled by salinity changes,  with G. 
ruber general ly to le ra t ing  a h igh-sa l in i ty ,  low- 
nutrient environment better than G. sacculifer (Be 
and Tolderlund, 1971; Thunell et al., 1983). Our data 
suggest that, beginning at 2.4 Ma, Caribbean surface 
waters became significantly more saline - -  similar to 
the present. This implies that mixing of saline At- 
lantic surface water with equatorial Pacific water  
ceased at this time, leading to increased salinity in 
the Caribbean. It also suggests  tha t  the Pacific- 
Caribbean gateway closed by about 2.4 Ma. Our date 
is significantly later than the mid-Pliocene closure 
previously estimated by Kaneps (1979) and Keigwin 
(1979, 1982a,b), but it is in substantial  agreement  
with a recent study by Gartner et al. (1987} based on 
nannofossil provinces, and by Crouch and Pre l l  
(1979) based on the distribution of the benthic fora- 
minifer Amphistegina gibbosa. 

G. SACCULIFER G, TRILOBA 
G. QUADRILOBATUS G. OBLIQUUS G. RUBER 

0 <~-],.,, . :  , , , , ,-- . . . . . . . . . . . . .  0 

1" _ " z"/, ~ i i i i ~  " .1 
2- - - - ~  " , .2 

!c. .  ~/ "5  

: -2 -~  

SITE 502A 7 

10% 10 10 310 lJO 40% 8 
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C L O S U R E  OF THE P A C I F I C - C A R I B B E A N  
GATEWAY 

Differences between Caribbean and eastern Paci- 
fic faunal provinces are best illustrated by cumula- 
tive percent abundances of intermediate and surface 
dwellers as shown in Fig. 4. The oxygen isotope 
record of Globigerinoides sacculifer based on data 
from Keigwin (1982b) and Prell (1982} is also shown. 
Additional non-faunal parameters that bear on clo- 
sure of the Pacific-Caribbean gateway are illustrated 
in Fig. 5. Three major events  that  affected the 
closure of the Pacific-Caribbean gateway can be iden- 
tiffed in the faunal provinces during the past 8 mil- 
lion years, at 6.2, 4.2, 2.4, and 1.8 Ma. 

Prior to 6.2 Ma, faunal provinces were similar in 
the Caribbean and eastern Pacific, implying unre- 
stricted flow of surface and intermediate  waters. 
Essentially similar benthic oxygen isotope values at 
Holes 502A and 503A support this conclusion (Fig. 
5). Two episodes of major volcanic activity occurred 
in Central America between 7-7.4 Ma and 5.4-6.1 Ma 
(Ledbetter, 1982). Caribbean carbonate values were 
an average of 20% lower than in the Pacific, but they 
gradually increased after  6.2 Ma and approached 
Pacific values after 3.8 Ma (Fig. 5). This increase 
may be due to a decreasing influx of old corrosive 
Antarctic bottom water (AABW) and an increase of 
North Atlantic deep water (NADW) in the Carib- 

bean, as also suggested by upwelling. At 6.2 Ma, 
major upwell ing (N. pachyderma) began  in the  
western Caribbean, indicating restricted flow of in- 
termediate water across the Pacific-Caribbean gate- 
way and deflection northeastward strengthening the 
Gulf Stream (Fig. 4). Evidence for this is seen in the 
first intensive erosion on the Blake Plateau (Kaneps, 
1979). Further evidence for a change is seen in ben- 
thic isotope data (Fig. 5). 

Caribbean benthic 5~C values were significantly 
enriched relative to the Pacific (Keigwin, 1982a,b). 
This is believed to be due to NADW product ion  
(Blanc et al., 1980}. At 6.2 Ma, eastern Pacific bottom 
water temperature cooled relative to the Caribbean, 
and there was a permanent shift in the 6t3C of both 
regions. The 6~C shift is explained by increased 
production of NADW (Bender and Keigwin, 1979) 
and]or by termination of deep to intermediate water  
exchange through the Pacif ic-Caribbean ga teway  
(Keigwin, 1982a). The latter explanation is favored 
by our faunal data. Benthic isotope trends were es- 
sentially parallel after 6.2 Ma, indicating no further  
major changes in bottom-water circulation (Fig. 5). 

Figure 4 illustrates that, among surface dwellers, 
there was an overall decrease in the Caribbean rela- 
tive to the Pacific beginning at 5.4 Ma, coincident 
with a global cool event and widespread hiatus (NH7, 
Fig. 5). Planktie 6~sO values were s imi lar  in the 
Caribbean and eastern Pacific prior to 4.2 Ma, but  
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Fig. 5. Late Neogene record of volcanic ash, percent carbonate, and benthic foraminffers of DSDP Sites 502A and 503A compared 
with sea level changes, widespread hiatus events, and erosion on the Blake Plateau. Major events in the closure history of the 
Pacific-Caribbean gateway are indicated. Carbonate data from Gardner (1982) based on three sample values averaged at 
approximately 100,000 year intervals. 

were slightly heavier in the Caribbean between 5.4 
and 4.2 Ma (Fig. 4) and suggest either cooler surface- 
water temperatures or increased salinity. By 3.8 Ma, 
carbonate reached its present average values in the 
Caribbean and decreased in the eastern equatorial 
Pacific. Carbon-13 data suggest that  this carbonate 
switch may be related to higher productivity in the 
Caribbean (Fig. 5). 

Beginning at 4.2 Ma, planktic 8180 values in the 
Caribbean became significantly heavier than in the 
eastern Pacific (Fig. 4, Keigwin, 1982a). A similar 
trend was observed by Oberhansli  and Hemleben 
(1984} in eastern Caribbean DSDP Sites 541 and 543. 
Both authors interpreted this isotopic shift as an in- 
crease in surface-water sal inity ra ther  than  de- 
creased temperature. The presence of tropical faunal 
assemblages supports their interpretation. Among 
surface dwellers in the Caribbean, there was a gra- 
dual increase - -  particularly in the high salinity- 
tolerant Globigerinoides sacculi fer  - -  between 4.2 
and 2.4 Ma. At the same time, the upwelling species 
G. pachyderma declined. There was little change 
among eastern Pacific faunas (Hole 503A) during 
this interval. These data suggest increasingly re- 
stricted communication through the Pacific-Carib- 
bean ga teway  between 4.2 and 2.4 Ma and a 
strengthened Gulf Stream. This interpretat ion is 
supported by erosion on the Blake Plateau between 
3.9-4.4 Ma and 2.3-3.2 Ma, which does not correlate 
with more widespread deep-sea hiatus (NH) events. 
The latter hiatus was associated with a major drop in 

sea level (Fig. 5; Haq et al., 1987) and polar cooling 
that  marked the onset  of no r the rn  hemisphe re  
glaciation by 3 Ma (Shackleton and Kennett,  1975; 
Shackleton and Opdyke, 1977). On the basis of stable 
isotope data, Keigwin (1982a) argued that  emergence 
of the Panama isthmus occurred at this time. How- 
ever, our faunal province data suggest that  some sur- 
face water communication existed until 2.4 Ma. It 
appears likely that, coupled with a major sea level 
drop, the emergence of islands temporarily restricted 
surface water communication through the Caribbean 
gateway 3 million years ago. 

A major divergence in the faunal provinces of the 
Caribbean and eastern Pacific began at 2.4 Ma and 
accelerated after 1.8 Ma (Fig. 4). Between 2.4 and 1.8 
Ma, intermediate dwellers began to decrease in the 
Caribbean and surface dwellers increased, whereas 
Pacific values remained e s sen t i a l ly  unchanged .  
Maximum divergence between Pacific and Caribbean 
surface and intermediate dwellers began at  1.8 and 
continues to the present. The sharp increase in 
surface dwellers at this time is primarily due to the 
high salinity-tolerant species Globigerinoides ruber. 
Higher surface salinity during the Pleistocene has 
also been observed in the oxygen isotope and faunal 
data by Prell and Hays (1976) and Prell (1982). 

Our data strongly suggest that  the divergence of 
eastern Pacific and Caribbean f auna l  provinces  
beginning at 2.4 Ma reflects initial emergence of the 
Isthmus of Panama and cessation of sustained sur- 
face current flow between the Pacific and Caribbean. 
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However, the slow divergence of faunal provinces 
between 2.4 and 1.8 Ma implies at least incipient 
littoral-neritic leakage across the isthmus until the 
latest Pliocene-Pleistocene uplift of the Isthmus of 
Panama. This interpretation is in substantial agree- 
ment with Crouch and Poag (1979) who concluded, 
based on the distribution of the benthic foraminifer 
Amphistegina gibbosa, that closure of the Isthmus of 
Panama began about 2.5 Ma, with final closure 
occurring at 1.8 Ma. 

Initial closure of the Pacific-Caribbean gateway 
coincided with a major global cool event, onset of 
northern hemisphere glaciation dated at 2.5 to 2.4 
Ma, (Shackleton and Hall, 1984), increased tem- 
perature gradients in the mid- to high-latitude At- 
lantic (Stein, 1984), a drop in sea level, and a wide- 
spread hiatus (NH9, Fig. 5). Subsequently, major 
volcanic activity occurred during Pleistocene time in 
Central America (Ledbetter, 1982). 

C O N C L U S I O N S  

Planktic foraminiferal faunal provinces of the 
eastern equatorial Pacific (Hole 503A) and western 
Caribbean (Hole 502A) indicate the first significant 
divergence of faunas at 6.2 Ma, coincident with a per- 
manent shift in 81qC. Between 6.2 and 4.2 Ma, a high 
abundance of the generally cool, high-latitude 
species N. pachyderma in the western Caribbean 
implies upwelling of cooler intermediate water re- 
sulting from a restricted flow path caused by a rising 
isthmus. 

The first  significant change among surface water 
assemblages  occurred at 4.2 Ma, coincident with an 
increased surface wa te r - sa l in i ty  in the Car ibbean  
implied by 81sO data. Between 4.2 and 2.4 Ma, a 
gradual  increase in the sal ini ty- tolerant  species Glo- 
bigerinoides sacculifer implies an  inc reas ing ly  re- 
s t r i c t e d  s u r f a c e  w a t e r  e x c h a n g e  t h r o u g h  the  
Car ibbean  gateway.  

The most  d ramat ic  faunal  change began at  about 
2.4 Ma. Beginning at  this time, Caribbean assem- 
b lages  were i nc r ea s ing ly  domina ted  by the h igh  
sa l in i ty- to lerant  species Globigerinoides ruber, re- 
f lecting higher  At lant ic  surface-water  salinity. This 
suggests  tha t  initial closure of the Pacific-Caribbean 
ga teway  and cessat ion of sustained surface current  
flow between the Pacific and Car ibbean occurred as 
late as 2.4 Ma. 

Max imum divergence of  both  i n t e rmed ia t e  and 
surface dwellers began at  about  1.8 Ma and continues 
to the present.  This implies tha t  at  least incipient 
l i t toral-neri t ic  leakage occurred across the Pacific- 
Car ibbean  ga teway between 2.4 and 1.8 Ma, with 
final closure by 1.8 Ma. 
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