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the Great Arc of the Caribbean formed a barrier between the Pacific and Atlantic 
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(from Anselmetti et al., 2000) (see Figure 14D for location of line). B. 
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deposits. D. Location of line showing the confluence of two current systems 
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B. Area southeast of the Aves Ridge. C. Area on the western flank of the Aves 
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Current and presumably reflect its effects along with the effects of strengthening 
bottom currents in post-Middle Miocene time.............................................................25 

Figure 19. BOLIVAR deep penetration multi-channel seismic line in the southeastern 
Caribbean showing thickly sedimented basins astride the southeastern oceanic 
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(2000) using results from Caribbean ODP leg 165. A. Inferred Miocene surface 
circulation patterns in the Caribbean region based on the references listed. B. 
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equatorial Pacific with inferred status of gateway opening and clousure along the 
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systems between 20 and 25 mm/yr. Both basins are filled by fine-grained 
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fill. C. Log from site 1002. Map shows location of two lines relative to the 
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controlled passage believed to have formed in middle to late Miocene time. B. 
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Figure 30. Sequence of events that have affected northern Puerto Rico and the southern 
margin of the Puerto Rico trench and Anegada Passage oceanic gateway. A. 
Middle Oligocene to early Pliocene was a time of tectonic quiesence. B. Rapid 
subsidence in the period of early Pliocene to Holocene is attributed to tectonic 
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Caribbean showing the modern track of the Caribbean current-Loop current-Gulf 
Stream on its return track to the Greenland region. The track crosses both active 
plate boundaries of the Caribbean plate as well as the trace of a former Paleogene 
Caribbean plate boundary in the Yucatan Strait. Numbers indicate high priority 
areas for IODP drilling as discussed at the workshop. Number 1 refers to “oceanic 
gateway” studies mostly based on marine geology and geophysics: 1a = Yucatan 
Strait; 1b = Pedro Banks and Navassa Trough at the site of the foundered 
Nicarguan Rise and bank between Jamaica and Haiti; 1c = Anegada Passage 
between Puerto Rico and St. Croix (US Virgin Islands); 1d = Tobago and 
Grenada basins; 2 = Caribbean oceanic plateau and overlying sedimentary 
sequences, especially in regard to the control of plateaus on oceanic anoxic events 
or “OAE’s”; 4 = ashes erupted from Central American volcanoes and deposited in 
the Pacific Ocean, Caribbean Sea, and Gulf of Mexico; 5 = tectonic origins of the 
Puerto Rico trench based on subsidence of its southern flank.....................................39 
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University 

Caribbean micro-paleontology, foraminifera, 
paleoceanography 

Kyeong J. Kim University of Arizona 10Be stratigraphy in the Caribbean gateway, 
climate, paleomagnetism 

Giuseppina 
Kysar 

George Mason University Caribbean petrologic and radiometric studies
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Caribbean Workshop Participants and Areas of Expertise 

Attendee Affiliation Expertise 
Mark Leckie University of Massachusetts Cretaceous biostratigraphy, 

paleoceanography 
Ross Macphee American Museum Natural 

History, NY 
Caribbean vertebrae paleontology, 
paleogeography 

Beatrice 
Magnani 

Memphis State University Caribbean tectonics, seismic stratigraphy, 
refraction 

Paul Mann Institute for Geophysics, 
University of Texas at Austin 

Caribbean tectonics, seismic stratigraphy 

Ellen Martin University of Florida Caribbean climate, micro-paleontology, 
geochemistry 

Nahysa 
Martinez* 

Boston University Caribbean paleoceanography, climate 

Cecilia McHugh Queens College, CUNY Seismic reflection, bathymetry, active 
tectonics 

Kitty Milliken University of Texas at Austin Sandstone provenience and diagenesis 
Michael Murphy University of Houston Structural geology, tectonics 
Derrick 
Newkirk* 

University of Florida Caribbean, climate 

Larry Peterson Miami University Caribbean paleogeography, climate 
Terry Quinn University of South Florida Paleogeography, climate, coral studies 
Isha M. Renta 
Lopez* 

Howard University Paleoceanography, climate 

Brad Rosenheim Woods Hole Oceanographic 
Institution 

Paleoceanography, climate 

Dave Scholl USGS-Stanford University Tectonics, paleogeography 
Dan Sinclair Institute for Geophysics, 

University of Texas at Austin 
Climate, coral studies 

Sean Sullivan* Bureau of Economic Geology, 
University of Texas at Austin 

Caribbean paleoceanography, seismic 
stratigraphy 

Peter Swart University of Miami Caribbean paleoceanography, climate 
Fred Taylor Institute for Geophysics, 

University of Texas at Austin 
Climate, coral studies 

Uri Ten Brink Woods Hole Oceanographic 
Institution 

Caribbean geophysics, tectonics 

Kenneth 
Verosub 

University of California, Davis Paleomagnatism 

Jim Wright Rutgers University Atlantic paleoceanography, climate 
* Graduate student 
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Executive summary 

Significance. The Caribbean Sea occupies a strategic geographic location within the 
northward-flowing Caribbean Current-Loop Current-Gulf Stream system. This system of surface 
currents is critical for delivering warmth and moisture to the otherwise frigid North Atlantic and 
plays an important role in the making of glacial cycles and in controlling regional and global 
climate patterns. The Caribbean Sea is also unique for being the most tectonically and 
bathymetrically complex “valve” or “gateway” of the modern South Atlantic to Greenland flow-
through areas of the Atlantic conveyor belt, with its northward flowing limb of warm, salty 
surface waters and southward flowing limb of cold, deep waters. Sustained meridional flow 
through the Caribbean began as early as the Middle Miocene as a result of the late Middle 
Miocene foundering of the shallow carbonate banks of the Nicaraguan Rise and perhaps an early 
phase of shoaling or partial closure of the Panama Isthmus. This Neogene pattern of an enhanced 
meridional circulation was recorded in its downstream direction by the appearance of common 
nannofossil assemblages in the northern and southern Caribbean, a regional erosional 
unconformity left behind by currents scouring the West Florida shelf, and by the deposition of 
drift sediments in the Straits of Florida and in the southeastern Caribbean Sea. The spatial 
arrangement of the conveyor belt becomes increasingly complex and poorly understood in the 
Caribbean region in Miocene and older time because plate motion-related deformation, transla-
tion and rotation has been significant and altered the locations, water depths and continuity of 
oceanic gateways through time. Openings and closings of the Caribbean valve are fundamentally 
controlled by the longlived (>75 Ma) oblique collision between the Great Arc of the Caribbean 
with the continental margins of the North and South American plates. Disparate evidence 
ranging from marine geologic studies to studies of terrestrial reptile and mammal migrations 
points to an originally east-west proto-Caribbean seaway spanned by perhaps a partially 
emergent Caribbean arc system (including the Aves Ridge and the Greater Antilles) trending 
north to south from late Cretaceous to Recent time, and perhaps fully exposed in late Cretaceous 
time and in latest Eocene-early Oligocene time. 

Other key events in Caribbean tectonic history that had large implications for global 
paleoceanography, climate, and biogeography included the Pliocene (4.7-2.6 Ma) closure of the 
Panama-South America seaway, the tectonic collapse of the Nicaraguan Rise during the Middle 
to Late Miocene (~15-12 Ma), and the opening of the Caribbean seaway by rifting between 
North and South America from late Jurassic to early Cretaceous (165-140 Ma). 

Workshop results. A JOI supported workshop was held March 30-April 1, 2006, in 
Austin, Texas, to review and discuss strategies for understanding the interplay between 
paleoceanography and tectonics in the Caribbean region and how detailed studies of these 
interactions might have regional and global implications extending far beyond this particular 
region. Except for DSDP Leg 15 in 1973 and ODP Leg 165 in 1996, the Caribbean remains one 
of the least sampled regions of the world in terms of deep sea scientific drilling. Yet the 
Caribbean’s role as a gateway whose progressive evolution and closure has contributed to the 
development of the large-scale overturning circulation of the modern ocean is undeniable. The 
interplay between climate and tectonics in this region makes for a host of compelling scientific 
questions that can be addressed only through scientific drilling. 

Following a series of review talks, the group of 44 US and international participants 
divided into five thematic groups with common interests and objectives: 1) Thematic Group 1: 
Marine geophysical surveys of Caribbean gateways: these discussions focused on the 
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Caribbean gateways with known or suspected bottom sediments and drifts that can be used to 
track the onset and relative strength of deep ocean currents in post-Middle Miocene time; this 
work has been advanced by previous drilling in the Straits of Florida area but has not been 
attempted in several other gateway areas of the Caribbean Sea; another component of this group 
discussed drilling of submerged Quaternary reef terraces in the Caribbean for 
paleoceanographic and climatic information; this work has previously focused on the island of 
Barbados; the group proposes a transect across the many coral-fringed islands and land masses of 
the Caribbean; 2) Thematic Group 2: Tectonic and climatic significance of the Caribbean 
oceanic plateau: the Caribbean oceanic plateau of late Cretaceous age is one of the largest in the 
world and provides many opportunities for research that are not available on other plateaus 
namely a range of magma compositions that reflect a broad spectrum of mantle melting 
conditions, well imaged areas of plateaus, and a correlated environmental response to late 
Cretaceous plateau eruption (ocean anoxic event OAE2); 3) Thematic Group 3: Tectonic and 
climatic studies of the Cariaco Basin, Venezuela: previous marine geophysical surveys and 
coring results from the Neogene Cariaco Basin and importance of the thick, varved and anoxic, 
thick sedimentary fill of the basin for climate studies (including as a counterpart to the Greenland 
ice cores) and the understanding of deformation, vertical motion, and syn-tectonic slumping in 
active margin basins; 4) Thematic Group 4: Significance of ash layers in the Caribbean and 
eastern Pacific Ocean: in addition to providing important stratigraphic markers, these tephra 
layers provide a valuable record of the recurrence rate of major eruptions, variations in plate 
tectonic convergence rates and the production and growth of arc volcanoes; along-strike-
variations in the compositions of arc volcanoes, and variations in the composition of subducted 
materials through time; and effects of volcanic activity on climate; 6) Thematic Group 5: 
Tectonic and paleoceanographic significance of the Anegada Passage and Puerto Rico 
trench area: this region is controlled by active plate boundary processes including oblique 
subduction of the southeastern Bahama platform, tectonic erosion, strike-slip faulting, and large-
scale slumping on over-steepened slopes. The presence of a strongly subsided shallow water 
carbonate section provides the opportunity to recover the uplift and subsidence history of the 
region which is astride the Anegada oceanic gateway. 

Because of the widely varied interests of the participants there was no single result, 
resolution, or specific study area proposed by the workshop group as a whole. Instead, the groups 
pointed out a number of research topics and study areas where the various groups listed might 
collaborate for mutual benefit. 

Introduction 

Significance of the global conveyor belt. The thermohaline circulation system in the 
world’s oceans, which has been likened to a large conveyor belt, extensively affects global and 
regional climates (Broecker, 1991; Nesbitt and Young, 1997; Rahmstorf, 2002) (Fig. 1). This 
global circulation system in the world’s ocean basins is propelled by the sinking of cold, salty, 
and therefore denser ocean waters in the polar regions.  

Three “gateways” or restricted passages that act as valves in the flow of the modern and 
Neogene oceanic conveyor belt (Smith and Pickering, 2003) are found in Indonesia (Cane and 
Molnar, 2001) and in the Caribbean Sea (Droxler et al., 1998) and along the Greenland-Scotland 
Ridge (Wright, 1998) (Fig. 1). In these areas, even small tectonically- or sedimentary-induced 
changes in the width and depth of the oceanic gateway can produce major changes in the 
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conveyor belt. These changes can, in turn, lead to abrupt regional or even global climate changes 
(Nesbitt and Young, 1997; Driscoll and Haug, 1998; Haug et al., 2004). 

 
Figure 1. The global ocean conveyor is a system of ocean currents that distributes vast quantities of heat 
and moisture around the planet and acts as a fundamental control on global climate. The pattern of global 
circulation is propelled by the sinking of cold, salty—and therefore, dense—ocean waters in the polar 
regions. The colder denser water flows back towards the equatorial oceans where it mixes with warmer 
water to begin its polar trip again to complete the circulation pattern. The boxes indicate three gateways or 
places where the currents are restricted in areas of either tectonic complexity like the Caribbean and 
Indonesia or in an area of thickened oceanic crust near Iceland. Figure is modified from Haug et al. (2004). 

Key components of the system in the western hemisphere are the northward-flowing Gulf 
Stream and North Atlantic Current, which deliver warmth and moisture to an otherwise frigid 
region of the North Atlantic (Haug et al., 2004) (Fig. 2). The conveyor belt is driven as the 
warm, salty surface waters that arrive from the tropics cool and sink, and then flow south at 
depth as North Atlantic Deep Water (NADW) (Fig. 1). A critical factor that makes the North 
Atlantic near Greenland the source region for deep water is the increase in salinity that occurs 
downstream in the Caribbean and Gulf of Mexico regions. Over the course of glacial and 
interglacial cycles, the production and depth of NADW varies in the water column as a result of 
oceanographic changes in the present source areas (Oppo and Fairbanks, 1987; Wright et al., in 
press). Because the observed modern freshening of high-latitude surface waters has been recently 
postulated to have the potential to produce severe oceanographic and climatic consequences 
(e.g., Driscoll and Haug, 1998; Haug et al., 2001; Lear et al., 2003; Bartoli et al., 2005), all  
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Figure 2. A. Map from Nesbitt and Young (1997) showing the Caribbean-Gulf of Mexico segment of the 
global conveyor belt of oceanic currents. The solid curve represents warm, shallow northward-flowing waters 
of the Atlantic Equatorial Current that enter the Caribbean Sea and Gulf of Mexico (Loop current) and exit 
into the northern Atlantic Ocean (Gulf Stream). The major sites of North Atlantic Deep Water (NADW) are 
shown by the circled X’s. The dashed lines show the track of NADW after its production and subsidence. B. 
Bathymetric map of the Caribbean showing the modern track of the Caribbean current-Loop current-Gulf 
Stream on its return trip to the Greenland region. The current crosses both active plate boundaries of the 
Caribbean plate as well as the trace of a former Paleogene Caribbean plate boundary in the Yucatan Strait.  

aspects and geographic localities along the conveyor belt are currently undergoing scrutiny both 
by observationally-driven marine surveys and by modeling.  

Integrating Caribbean tectonic evolution and paleoceanographic events. Since the 
opening of the Gulf of Mexico and proto-Caribbean Sea in the late Jurassic, the Caribbean Sea 
has been a critical junction or “valve” controlling the flow of warm water among several major 
ocean basins. Evaluating the full extent of its effect on global circulation and climate is 
complicated by the region’s complex Mesozoic and Cenozoic plate tectonic evolution that is 
summarized in the tectonic reconstructions modified from Mann (1999) and shown in Figures 3 
to 11.  

Late Jurassic (145 Ma). During the early opening phase, seaways likely connected the 
Atlantic and eastern Pacific as shown on Figure 3. Periodic seawater spills from both the Atlantic 
and Pacific Oceans into the Gulf of Mexico are recorded by massive salt deposits of late Jurassic 
age (Mann, 1999). Continued separation of North and South America into early and late 
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Cretaeous times, led to the formation of an oceanic, proto-Caribbean Sea that widened the 
seaway connecting the central Atlantic and eastern Pacific (Fig. 4).  

 
Figure 3. Reconstruction of the Caribbean region at 145 Ma (Late Jurassic – Tithonian) from Mann (1999). 
Lined areas represent zones of rifting; gray areas represent oceanic crust; white areas indicate areas of 
continental or thinned continental crust.  Dots in Atlantic Ocean represent magnetic anomaly and fracture 
zone picks by Muller et al. (1999) based on their interpretation of Geosat gravity images. Key to 
abbreviations: PC = proto-Caribbean oceanic crust (dark line represents speculative position of a Caribbean 
spreading ridge); MSM = Mohave-Sonora megashear; TMVB = Trans-Mexican volcanic belt; EAFZ = 
Eastern Andean fault zone.  Leakage of sea water into the early Gulf of Mexico north of the Yucatan 
Peninsula led to the formation of massive salt deposits of Jurassic age.   

Aptian (118 Ma). In the Cretaceous and early Cenozoic, the Caribbean first served as an 
east-west connection between the Atlantic and Pacific Oceans, part of the dominant circum-
tropical circulation that began with the development of the Tethys Ocean. This low latitude 
circum-global circulation coincided with a long period of unusually high global temperature. By 
the late Cretaceous, a large carbonate megabank had collapsed in the Gulf of Mexico area and 
allowed gateways to increase the connectivity and current exchange between the two oceans 
(Winker and Buffler, 1988) (Fig. 4). The existence of barriers in the area of the proto-Caribbean 
Sea during the Cretaceous is poorly known because this area of presumed oceanic crust formed 
along a northeast-trending spreading center was subducted by the Great Arc of the Caribbean in 
the period from late Cretaceous to recent (Burke, 1988).  
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Campanian (83 Ma). As discussed at length by Droxler et al. (1998), the entry of the 
Great Arc of the Caribbean into the gap opened between North and South America led to the 
existence of shallow water areas associated with the elongate arc ridge that surely influenced the 
circulation between the Atlantic and Pacific for tens of millions of years (Fig. 5). Biogeographic 
data from Iturralde and MacPhee (1999) suggests that the Great Arc may have served as a 
landbridge between southwestern North America and northwestern South America for certain 
dinosaurs and other terrestrial fauna during this period.  

 
Figure 4. Reconstruction of the Caribbean region at 118 Ma (Aptian) from Mann (1999). Key to 
abbreviations: PC = proto-Caribbean oceanic crust (dark line represents speculative position of a Caribbean 
spreading ridge inferred to be active at this time); MSM = Mohave-Sonora megashear; TMVB = Trans-
Mexican volcanic belt; EAFZ = Eastern Andean fault zone. The existence of barriers in the area of the proto-
Caribbean Sea is poorly known because this area of presumed oceanic crust was subducted in the period of 
late Cretaceous to recent. A large carbonate megabank formed in the Gulf of Mexico region at this time that 
collapsed about 90 Ma to allow gateways to open between the Gulf of Mexico and the Atlantic Ocean.  

Late Eocene (41 Ma). By late Eocene time, the Circumtropical current flows directly 
from the Atlantic into the Pacific with no intervening barriers. Its northward flow into the Gulf of 
Mexico region is impeded by carbonate banks along the Nicaraguan Rise (Droxler et al., 1998) 
(Fig. 6). Paleogene collision between the Great Arc and North America in the Cuba area may 
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have heightened the barrier to north-south flow between the Caribbean and Gulf of Mexico and 
may have created tectonically-related topography as late as the Miocene. During the period of 
low eustatic sea level from the latest Eocene to early Oligocene (35-32 Ma), Iturralde and 
MacPhee (1999) propose that the existence of a landbridge (“Gaarlandia”) connecting 
northeastern South America with the Greater Antilles and southern North America and 
corresponding to the Aves Ridge (Fig. 7). Evidence for the landbridge includes both tectonic and 
paleontologic evidence. This land barrier would have formed a major barrier to east-west current 
flow inferred for earlier periods as shown on Figure 7.  

 
Figure 5. Reconstruction of the Caribbean region at 83 Ma (Campanian) from Mann (1999). Key to 
abbreviations: EAFZ = Eastern Andean fault zone. The degree to which the Great Arc of the Caribbean 
formed a barrier between the Pacific and Atlantic is not well understood. From the entry of the Great Arc of 
the Caribbean into the inter-American seaway, shallow water environments occurred in various areas and 
certainly influenced circulation between the Atlantic and Pacific. Biogeographic data presented by Ross 
MacPhee during the workshop and by Iturralde and MacPhee (1999) suggests that the Great Arc may have 
served as a landbridge for certain dinosaurs and other terrestrial fauna during this time. In the Gulf of Mexico 
area the Cretaceous carbonate mega-bank foundered and allowed more connections between the Gulf of 
Mexico, Atlantic and Caribbean.  
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Figure 6. Reconstruction of the Caribbean region at 41 Ma (late Eocene) from Mann (1999). Key to 
abbreviations: MB = Maracaibo foreland basin; EAFZ = Eastern Andean fault zone. The degree to which the 
Great Arc of the Caribbean formed a barrier between the Pacific and Atlantic is not well understood. 
Iturralde and MacPhee (1999) propose that the leading edge of the Great Arc of the Caribbean may have 
formed a landbridge during this time between northeastern South America and the Greater Antilles and 
southeastern North America. Closure of the northern Caribbean plate (Cuba) with the Bahamas platform was 
active from 60-35 Ma and may have heightened the barrier to north-south flow between the Caribbean and 
Gulf of Mexico. Currenly north-south flow goes through the relatively narrow Yucatan strait on the site of 
the Paleogene suture zone between the northern Caribbean plate and the southern Gulf of Mexico.  

Late Oligocene (25 Ma). By this time, the Gaarlandia land bridge has subsided and the 
Circum-Tropical current resumed a direct flow from the Atlantic into the eastern Pacific Ocean 
(Fig. 8).  

Middle Miocene (15 Ma). Foundering of the Nicaraguan Rise carbonate platform 
about 15-12 Ma —possibly related to tectonic transtension along strike-slip faults of the northern 
Caribbean plate boundary —leads to the early establishment of the Caribbean-Loop current (Fig. 
2) and the intensification of the Gulf Stream (Droxler et al., 1998) (Fig. 9). At this time, the 
Central America seaway remains open to the Circumtropical current but will begin to shoal about 
12.5 Ma (Coates et al., 2004).  
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Figure 7. Reconstruction of the postulated Gaarlandia landbridge for the time period of latest Eocene-early 
Oligocene (35-33 Ma) by Iturralde and MacPhee (1999). The Gaarlandia hypothesis is based on both tectonic 
and paleontologic evidence to define its extent and age range. The significance for paleoceanography and 
climate studies are the possible blockage of the east to west current between the Atlantic and Pacific during 
this short time interval.  

Late Miocene (9 Ma). Increased isolation of marine microfauna on the Caribbean and 
Pacific sides of the Panama arc indicate that early collisional effects were producing shoaling 
that led to subaerial uplift, a complete landbridge for terrestrial fauna to cross, and increased 
thermohaline circulation in the period of 4.7 to 2.6 Ma (Coates et al., 2004) (Fig. 10).   

Effects of the closure of the Central American seaway. Effects of the shoaling and 
closure of Central American seaway triggered a sequence of paleoceanographic events over the 
last 5 Ma that are summarized on Figure 11 from Haug et al. (2004). The physiography of the 
present-day South Atlantic to Greenland segment of the oceanic conveyor belt has existed in the 
current state since the early Pliocene, when the Panama arc and landbridge collided with 
northwestern South America, closing the Central American seaway (Droxler et al., 1998). 
Blockage of the seaway restricted the water exchange between the Atlantic and Pacific and 
caused their salinities to diverge (Haug et al., 2001) and diverted west-flowing waters from the 
Atlantic into the northern Caribbean and Gulf of Mexico. Entry of these waters as far north as the 
Gulf of Mexico was made possible by the ~15-12 Ma foundering of the Nicaraguan Rise 
(Droxler et al., 1998).  

Today, evaporation in the tropical Atlantic and Caribbean leaves behind saltier ocean 
waters and puts fresh water vapor into the atmosphere. Easterly trade winds carry the water 
vapor to the west across the low-lying Central America isthmus and deposit fresh water in the 
Pacific through rainfall. As a result, the Atlantic is saltier than the Pacific (Haug et al., 2001).  
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Figure 8. Reconstruction of the Caribbean region at 25 Ma (late Oligocene) from Mann (1999). Key to 
abbreviations: GB = Guarico foreland basin.  The Nicaraguan Rise south of the Cayman trough acted as a 
barrier at this time and prevented north-south flow of Caribbean waters. According to Iturralde and MacPhee 
(1999), the leading edge of the Caribbean plate no longer formed a landbridge connecting South America and 
the Greater Antilles. The Circum-Tropical Current flowed directly from the Atlantic into the eastern Pacific 
Ocean. 

Links between the Central American seaway closure and the onset of northern 
hemisphere glaciations. Driscoll and Haug (1998) and Haug et al. (2004) explored complex 
linkages between the Panama event and the cooling of the northern hemisphere and the 
formation of ice from 3.1 Ma to the present (Fig. 12). The paradox of the closure of the Central 
American seaway is the mechanism for cooling the northern hemisphere at the time when more 
warm tropical waters were being diverted northward at Panama and transported into the Arctic 
region by the global conveyor belt (Fig. 1). Driscoll and Haug (1998) proposed a series of 
feedbacks summarized on Figure 12: first, the moisture carried northward into the Atlantic with 
the Gulf Stream was carried by westerly winds into northern Eurasia and fell as rain or snow into 
the Arctic Ocean. The fresh water would facilitate the formation of sea ice, which is more 
reflective and reflect sunlight and heat back into space. Added fresh water would prevent the 
escape of heat back into space. Both processes would further cool the high latitudes. Finally, 
Arctic waters flowing back into the North Atlantic would become warmer and less salty and 
thereby weaken the global conveyor belt (Fig. 1). 

Other gateway closure events in the Caribbean. The Pliocene closure of Panama against 
northwestern South America has received much attention in the past decade as perhaps the key 
tectonic event that “short circuited” oceanographic exchange between the Atlantic and Pacific, 
fundamentally changed global oceanic circulation, and set the stage for glaciation in the northern  



Final report of the JOI workshop 

 –13– 

 
Figure 9. Reconstruction of the Caribbean region at 15 Ma (middle Miocene) from Mann (1999). Key to 
abbreviations: GB = Guarico foreland basin; MB = Maturin foreland basin. At this time, the Central 
American seaway is still open but will begin to shoal about 12.5 Ma. The Nicaraguan Rise south of the 
Cayman trough acts as a barrier at this time between the Caribbean and Gulf of Mexico. Foundering of the 
Nicaraguan Rise carbonate margin about 15-12 Ma – possibly related to tectonic transtension along strike-
slip faults of the northern Caribbean plate bounday - will lead to the early establishment of the Loop current 
and Gulf Stream. 

hemisphere about 2.7 million years ago (Haug et al., 2004) (Fig. 12). The tectonic setting for this 
gateway closure event is considered to be the gradual convergence, shoaling and ultimate “hard 
collision” between the Panama segment of the Central American arc and the northwestern corner 
of the South American continent (Coates et al., 2004). Unfortunately, this single event is only 
one of the more recent examples of arc-continent collision in the Caribbean. In fact, the 
Caribbean arc has been in continuous and diachronous collision with continental areas of North 
and South America since the late Cretaceous (Mann et al., 2006). For this reason, the evolution 
of the composite Caribbean gateway is complex and cannot be completely characterized by a 
single event like the one that occurred in Panama about 4.7-2.6 Ma.  
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Figure 10. Reconstruction of the Caribbean region at 9 Ma (late Miocene) from Mann (1999). Key to 
abbreviations: GB = Guarico foreland basin; MB = Maturin foreland basin. Increased isolation of marine 
microfauna on the Caribbean and Pacific sides of the Panama arc indicate that early collisional effects were 
producing shoaling that led to subaerial uplift, a complete landbridge and increased thermohaline circulation 
in the period of 4.6 to 2.6 Ma.  

Workshop activities 

Workshop organization. A major task—one requiring a multidisciplinary group effort —
is to identify all possible Caribbean gateways at a regional scale and to gauge their significance 
as potential targets for IODP drilling. To address these and other issues, 44 participants from six 
countries attended a Caribbean geology-paleoceanography-climate synthesis workshop held in 
Austin, Texas, from March 30 to April 1, 2006. The workshop, funded by the U.S. Science 
Support Program at Joint Oceanographic Institutions, brought together 32 participants 
specializing in paleoceanography and climate and 12 participants specializing in tectonics and 
marine geology.  
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Overview talks. The workshop began with ten overview talks covering both tectonic and 
paleoceanographic/climatic themes summarized below. The workshop began with 10 overview 
talks covering both tectonic and paleoceanographic/climatic aspects of the Caribbean Sea, Gulf 
of Mexico, Atlantic and Pacific Oceans.  

Paul Mann (co-convenor, University of Texas at Austin) introduced the workshop by 
defining several types of modern inter-oceanic gateways in the world’s oceans (island arc-
related, constructional volcanic mound, strike-slip-controlled ridges and deep basins) and then 
showed similar or inferred gateways using plate tectonic animations for the Caribbean and Gulf 
of Mexico from the Late Jurassic to the present-day (Figs. 3-10). Critical Neogene gateways 
identified in the reconstructions and from recent seismic profiling include the southeastern 
gateway of the Tobago and Grenada Basins and the flanking volcanic arc highs of the Lesser 
Antilles and Aves Ridge, a central gateway along the Nicaraguan Rise, and a northern gateway at 
the Yucatan Strait and Straits of Florida (Fig. 2).  

Larry Peterson (co-convenor, University of Miami) reviewed the modern oceanography 
of the Caribbean (Fig. 2). In addition to waters arriving from the Guyana current, the Caribbean 
is influenced by outflow from the Orinoco and Amazon Rivers and by Sargasso Sea water 
transported into the Caribbean by prevailing northeast trade winds. Because sill depths in the 
Caribbean are only 1600-1800 m at their deepest, the waters of the Caribbean at greater depths 
are nearly homogeneous in character. Sediments from the Caribbean therefore provide a useful 
means of monitoring variability in the shallower components of the Atlantic thermohaline 
circulation.  

André Droxler (co-convenor, Rice University) reviewed the evidence for tectonic 
barriers in three critical areas of the Caribbean: the Aves ridge, the northern Nicaraguan Rise, 
and the Central American seaway, now occupied by the Isthmus of Panama. The tectonic history 
at all three locations has controlled circulation at all depths. Pelagic sediments deposited on 
either side of these gateways are potential recorders of the gateway openings and closures that 
can be exploited by IODP drilling (Fig. 2).  

Jim Wright (Rutgers University) reviewed three methods for tracking changes in 
NADW in the North Atlantic region: δ13C values for benthic foraminifera, Nd isotopes, and drift 
sedimentation. These methods have revealed that NADW began in the early Oligocene and 
continued to the present with the highest rates of drift sedimentation occurring during the latest 
Miocene to early Pliocene. Since about 12 Ma, NADW has persisted with a peak flux during the 
early Pliocene. He concluded that tectonically controlled Caribbean gateways were not the sole 
mechanism controlling sinking of deep water in the North Atlantic but may have played a major 
role by altering the physicochemical properties of surface waters in the source areas of NADW.  

Alejandro Escalona (University of Texas at Austin) reviewed recent seismic reflection 
data from the southern Caribbean that constrain the sedimentary history of several key basins 
along the path of the Loop Current, including the Tobago and Grenada basins (Fig. 2). These 
basins appear to have been filled by large fluvial deltas when they were located far to the west of 
their present positions. They also occupy the critical downstream sides of the Lesser Antilles arc.  

Bob Duncan (Oregon State University) reviewed the current state of knowledge of the 
late Cretaceous Caribbean oceanic plateau, the core of the Caribbean plate, and the possible 
control of that feature on ocean anoxic event 2 (OAE2). He hypothesizes that increased trace 
metal delivery to the ocean during volcanic activity related to the “event plume” is the cause for 
depletion of seawater oxygen concentrations and deposition of organic rich sediments. This 
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model provides a possible mechanism for abruptly pushing the world’s oceans into anoxia and is 
testable by examining OAE2-related black shales in the Caribbean and surrounding areas.   

 
Figure 11. Sequence of paleoceanographic events triggered by the collison of the Panama arc with 
northwestern South American and the blockage of the Central American seaway (from Haug et al., 2004). A. 
Surface waters flowed from the Atlantic 10 million years ago through the Central American seaway and both 
the Pacific and Atlantic has the same salinity. B. From 5 to 3 million years ago, the Panama arc collided and 
blocked the seaway. This blockage restricted water exchange between the Atlantic and Pacific and their 
salinities diverged. Ths isthmus diverted waters that once flowed through the east-west seaway northward 
through the Caribbean, Gulf of Mexico and Gulf Stream. C. Today, evaporation in the tropical Atlantic and 
Caribbean leaves behind saltier ocean waters and puts fresh water vapor into the atmosphere. Easterly trade 
winds carry the water vapor to the west across the low-lying Central America isthmus and deposit fresh water 
into the Pacific through rainfall. As a result, the Atlantic is saltier than the Pacific.  

Ross McPhee (New York Museum of Natural History) reviewed biogeographic evidence 
for partial closure of the Central American seaway in the middle to late Miocene between 10.7 
and 9.4 Ma. Several mammalian taxa appeared in North America about 9 Ma. However, faunal 
interchange was light possibly because the link was not a continuous landbridge and was short-
lived. He also reviewed evidence for the “Gaarlandia hypothesis”: a transient (<1 Ma) bridge 
along the spine of the Aves Ridge and intersecting both the northwest corner of South America 
and the Greater Antilles island arc that occurred around the Eocene-Oligocene transition. 
Biogeographically, the hypothesis is consistent with the fact that nearly all lineages of Antillean 
land mammals are of South American affinity. Unfortunately, the effect of Gaarlandia on 
paleogeography has not been investigated. 

Gregor Eberli (University of Miami) summarized evidence for the “northern Caribbean 
gateways”: the Yucatan Straits and Straits of Florida (Fig. 13). These two straits enable the 
Caribbean current to flow northward to become part of the Loop current, the Florida current and 
finally the Gulf Stream (Anselmetti et al., 2000) (Fig. 2). The Yucatan Straits formed about 53 
Ma ago when the Yucatan basin formed as a backarc behind the Cuban arc. The Straits of Florida 
formed about the same time as a result of the collision of the Cuban arc with North America. The 
first current deposits in the Straits of Florida are Eocene in age, but the straits were not an 
important seaway until the Suwannee Channel in North Florida closed 25 Ma. Sand waves and 
erosive channels became widespread around 19.2 Ma, culminating with drift deposition between 
15.9 and 15.1 Ma (Berman, 2003) (Figs. 14, 15). Drift deposition ceased around 15.1 Ma and did 
not reappear until ~12.4 Ma. The drastic decrease of current activity might be related to reported 
uplift of the Nicaraguan Rise (also it is a time when almost continuous carbonate platforms 
covered the crest of the rise) (Droxler et al., 1998). The onset of renewed drift sedimentation at 
12.4 Ma coincides with subsidence (perhaps better the break up the large carbonate platforms) of  
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Figure 12. A paradox of the 
global conveyor belt and its 
impact on global climate has 
been: How can the northward-
flowing, post-Panama closure 
Gulf Stream segment of the global 
conveyor—which transports not 
only moisture but heat to the 
North Atlantic—lead to major 
northern hemisphere cooling and 
formation of ice? Driscoll and 
Haug (1998) proposed one 
solution illustrated here in Haug et 
al. (2004). They postulated that 
moisture carried northward by the 
Gulf Stream was transported by 
prevailing westerly winds to 
Eurasia. The moisture fell as rain 
or snow, eventually depositing 
more fresh water into the Arctic 
Ocean—either directly or via the 
great Siberian rivers that empty 
into the Arctic Ocean. The added 
fresh water would have facilitated 
the formation of sea ice, which 
would reflect sunlight and heat 
back into space. Added fresh 
water would also act as a barrier 
blocking heat stored in the ocean 
from escaping into the atmosphere 
above the Arctic. Both processes 
would further cool the high 
latitudes. Finally, Arctic waters 
flowing back into the North 
Atlantic would become warmer 
and less salty and thereby weaken 
the efficiency of the global 
conveyor belt. 
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the Nicaraguan Rise and the onset of closure of the Central American seaway (Anselmetti et al., 
2000). Final closure of the Central American seaway resulted in an increase of drift 
sedimentation at 5.4 Ma.  

Henry Hooghiemstra (University of Amsterdam) documented a series of Pleistocene ice 
ages using pollen records from a 586-m-deep hole drilled on land in the Bogota basin of 
Colombia. Ages span 3.2 million to 30,000 yrs ago and document a variety of immigration 
events for plants into the recently uplifted Andes area. Immigration events reflect new 
environments created by rapidly uplifted mountain areas as well as the establishment of the 
Panama land bridge. Similar studies using pollen from offshore cores could be attempted to 
expand these types of records.  

Posters. The meeting continued with 25 poster presentations listed on pages 15 and 16. 
Each presenter gave a short oral summary of their poster to the entire group. Poster presentations 
focused on more detailed aspects of paleoceanography, climate, and tectonic studies. The 
overview talks helped to place some of these more topical posters into a better regional context 
and allowed participants to freely cross disciplinary boundaries.  

Division of participants into thematic groups. 

Discussions followed in breakout groups and plenary sessions. Discussion groups which 
allowed participants to come and go on the basis of their interests led to stimulating interactions 
and a suite of general recommendations for future Caribbean drilling. The real test of how 
effective this workshop has been in motivating the Caribbean research community will come 
from specific drilling proposals that will hopefully emerge from discussions initiated within the 
following groups:  

Thematic Group 1: Caribbean plate reconstructions and  
marine geophysical surveys of the Caribbean gateways  

(Group leaders: Paul Mann and Alejandro Escalona, University of Texas at Austin; 
André Droxler, Rice University; Gregor Eberli, University of Miami). During the meeting, it 
became clear that Caribbean gateways will require systematic efforts directed to the drilling of 
several geographic localities and that all are of equal importance. Marine geophysical data are 
unevenly distributed since much of these data were collected for completely different purposes. 
Moreover, much of these data are multi-channel seismic data which provide few details on the 
late Neogene stratigraphic record which is critical to understanding the critical period of Middle 
Miocene to recent gateway histories (Anselmetti et al., 2000). For these reasons, high resolution 
seismic surveys tied to coring and drilling are needed in key areas that include the Grenada and 
Tobago Basins, the Cariaco Basin, the Nicaraguan Rise, Cayman trough, the Yucatan Basin and 
Yucatan Straits, and the Straits of Florida. Such studies may allow for recognition and dating of 
current-related sedimentary structures along with providing the framework for direct sampling 
and dating. Previous studies of sediment drifts and erosion in gateway areas like the Straits of 
Florida and Santarem Channel in the Bahamas have been very successful in working out a 
chronology of the early Gulf Stream. These studies have not been carried out in the deep basins 
of the southeast Caribbean or on the Nicaraguan Rise and Cayman trough, areas seen as a 
priority for future studies by this group.  
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The spatial arrangement of the conveyor belt between the late Cretaceous (Fig. 5) and 
just prior to the Pliocene Panama closure (Fig. 10) is not well understood. It likely consisted of 
an east-west seaway spanned perhaps by a partially emergent Caribbean arc system trending 
north to south (Iturralde and MacPhee, 1999). Sustained meridional flow through the Caribbean 
began as early as the late Middle Miocene as a result of foundering carbonate banks on the 
Nicaraguan Rise (Fig. 9).  

Because the Caribbean region is in an active tectonic area, changes in the 
paleoceanographic circulation may have occurred as a result of tectonic rather than eustatic 
changes—or may have occurred by some combination of tectonic and eustatic effects. The 
record of these controls can be sought in stratigraphic records preserved along the track of the 
conveyor belt as it passes from the central Atlantic Ocean through the Caribbean Sea and Gulf of 
Mexico and back out into the northern Atlantic Ocean (Fig. 2). The conveyor belt paradigm 
shown on Figure 1 therefore provides a powerful tool for understanding stratigraphic 
relationships along the meandering, 10,000-km-length of the Atlantic Equatorial Current, Loop 
Current, and Gulf Stream as it passes through all of these areas (Mullins et al., 1987; Droxler et 
al., 1998).  

More complete geologic records from the Caribbean and its upstream and downstream 
outlets or “limbs” may allow us to address climatic questions of great societal importance:  

● Which has had the greater effect on northern hemisphere ice growth: temperature or 
moisture supply? (Driscoll and Haug, 1998) (Fig. 12);  

● In the control of high-latitude North Atlantic and Arctic temperature, what is the 
relative importance of forcing by changes in oceanic heat transport, atmospheric heat 
transport, and sea ice albedo? (Fig. 12);  

● Is North Atlantic Deep Water (NADW) formation (Fig. 2A) dependent on a particular 
Gulf Stream salinity threshold? 

● In the control of Labrador and Norwegian-Greenland sea salinity, what is the balance 
among Gulf Stream salinity, high latitude precipitation and continental runoff, and 
brine rejection during sea ice formation (Haug et al., 2004) (Fig. 12)?   

● Given these above questions, what long-term geologic records—at sites suitable for 
deep ocean drilling—might include periods when these currents were active, waning, 
or non-existent? The geologic record can provide insights into how changes in the 
transport of heat and salt to the northern North Atlantic may precondition deep-water 
production.  

Key areas for study: Northern Caribbean and Straits of Florida. The path of the 
Caribbean current across the northern Caribbean (Fig. 2B) forms a complex maze of oceanic 
gateways controlled mainly by fault-bounded ridges and troughs (Fig. 13). Mullins et al. (1987) 
used a grid of seismic data from the eastern Gulf of Mexico to document an abrupt change in the 
style of sedimentation during the Middle Miocene and had related this change to the onset of the 
Gulf Stream current. Carbonate deposition in this area changed dramatically from a series of 
clinoforms prograding off the shelf to a slope section dominated by contour current activity. 
More recently, Anselmetti et al. (2000) used seismic stratigraphic data tied to ODP wells to 
document a major change in sedimentation from carbonate sequences prograding off the Bahama 
Platform to clastic current-controlled sequences pushed northward by the incipient Gulf Stream 
during the middle Miocene (Fig. 2). These current-controlled sequences are characterized by 
thickening at basinal depths, thinning at slope depths, and by the growing dominance of drift 
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deposits on the basin floor. ODP well logs confirm that this important change occurred about 
12.2 my in the Straits of Florida (Anselmetti et al., 2000).  

Droxler et al. (1998) and Anselmetti et al. (2000) propose that the early to middle 
Miocene of drift deposits in the Straits of Florida (Fig. 14) correspond to the foundering of the 
Nicaraguan Rise and its debut as an oceanic gateway connecting south to north flow through the 
northern Caribbean (Fig. 13). The gradual increase in Straits of Florida drifting and sand 
accumulation that culminates at 3.6 Ma correlates well with the period of shoaling and eventual 
closure of the Central American seaway from 12.5 to 2.7 Ma (Coates et al., 2004) (Fig. 15). The 
decrease in Straits of Florida drifting at 3.6 Ma corresponds to a peak in thermohaline overturn 
and a peak in North Atlantic drifts related to the onset of northern hemisphere glacial conditions 
(Anselmetti et al., 2000; Berman, 2003) (Fig. 15).  

  
Figure 13. Oblique view looking southward from the Gulf of Mexico to several important oceanic 
gateways in the northern Caribbean Sea and Straits of Florida between Cuba and Florida. The modern path 
of the Caribbean-Loop Current is shown moving northward through the narrow Yucatan Strait into the Gulf 
of Mexico. In the Gulf of Mexico it is known as the Loop current because it make a complete clockwise 
loop and passes through the narrow Straits of Florida into the Atlantic Ocean where it is called the Gulf 
Stream. North to south flow through this area was only possible following the foundering of the Nicaraguan 
Rise about 15-12 Ma. Drift deposits that record the onset and variations in current strength are present in 
the area of the southern Gulf of Mexico and Straits of Florida. 

Key areas for study: Southeastern Caribbean. Today, the Aves Ridge and the Lesser 
Antilles still act as important valves for deepwater circulation coming from the Atlantic to the 
Caribbean (Fig. 16). Presently, the Aves Ridge is submerged along most of its trend to a 
maximum depth of ~1500 meters, but rises in depth to shoals and even the small islet of Aves. 
The modern Lesser Antilles arc forms a higher barrier for intermediate and deep waters from the 
Atlantic to the Caribbean than the Aves Ridge. Only a few isolated deep straits penetrate the 
various elongate ridges of the Great Arc and channel the flow of intermediate waters from the 
Atlantic Ocean (Fig. 16). Most of the input of sediments from the Atlantic into the Venezuelan 
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basin is driven by surface currents in the form of a fine-grained sediment plume linked to the 
Orinoco and Amazon rivers of northeastern South America (Nesbitt and Young, 1997) (Fig. 2).  

 
Figure 14. A. Western multi-channel seismic line and ODP Leg 166 and Bahamas Drilling Project drilling 
transect crossing the western edge of the Great Bahama Bank (from Anselmetti et al., 2000) (see Figure 14D 
for location of line). B. Interpretation of sequences seen on seismic line in A. Note lateral transition between 
platform, slope, and drift facies and growing importance of drift deposits in Middle Miocene and younger 
basinal sequences. Box shows zoom of onlap between drift deposits and basinal deposits. C. Downlap of 
prograding Middle Miocene and younger drift deposits onto existing pre-Middle Miocene basinal deposits. 
D. Location of line showing the confluence of two current systems (yellow arrows) which merge into the 
northward flowing Gulf Stream.  

Our BOLIVAR seismic data illustrates both similarities and differences between the 
Grenada back-arc and Tobago forearc basins that flank the Lesser Antilles arc (Fig. 16). Both 
basins exhibit a very prominent middle Miocene unconformity whose age is inferred from 
scattered industry oil wells in the area (Fig. 17). The section below the unconformity are 
remarkably similar in both basins, are assumed to be of Paleogene age, and deposited during the 
formation of both basins as extensional basins formed in the Lesser Antilles arc (Fig. 17). The 
section above the unconformity in the Tobago basin is thicker because it is a distal deposit of the 
Orinoco delta. The thickness of this deposit relative to the starved equivalent section in the 
Grenada basin indicate that at least this segment of the Lesser Antilles arc was functioning as a 
barrier during post-Middle Miocene time. These differences between the basins need to be 
explored in order to better understand when and if the Lesser Antilles acted as a barrier to 
circulation. The Grenada and Tobago basins contain up to 8 km of clastic sediment inferred to be 
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of Cenozoic age and therefore are attractive drilling targets for complete records of the events in 
this gateway area.  

West of the Aves Ridge, scoured channels and mounds provide a yet dated chronology of 
early current activity (post-Middle Miocene?) affecting the track of the Caribbean current (Fig. 
18). Our prediction is that these features are roughly coeval with those mapped in the Straits of 
Florida (Fig. 14) and in the Atlantic Ocean (Fig. 15). Are these erosional and drift features 
produced by waters crossing between the Pacific and Atlantic prior to the late closure of the 
Panama area or are they related to post-middle Miocene passage of the Atlantic equatorial 
current?  

 
Figure 15. Summary diagram from Bergman (2003) relating sediment drifts and sand waves in the Straits 
of Florida to more regoinal paleooceanographic events including the opening and closing of gateways in the 
Caribbean. Note that bottom current activity increases in the early to middle Miocene with the opening of 
the opening of the Nicaraguan Rise. The 12 Ma onset of drifting in the Straits of Florida coincides with an 
increase in drifts in the North Atlantic suggesting that at this time the Loop Current-Gulf Stream was 
established as a continuous segment of the global conveyor belt shown schematically in Figure 1. The onset 
of the Loop current at this time also correlates with the closure of the Havana-Matanzas channel through the 
island of Cuba. The gradual increase in Sraits of Florida drifting and sand accumulation that culminates at 
3.6 Ma correlates well with the period of shoaling and eventual closure of the Central America seaway from 
12.5 to 2.7 Ma. A strengthening of bottom flow precedes the onset of enhanced thermohaline overturn as 
indicated by salinity increases in the Caribbean. The decrease in flow throught the Straits of Florida at 3.6 
Ma corresponds to a peak in thermohaline overturn and a peak in North Atlantic drifting along with the 
onset of northern hemisphere glacial conditions. A period of intensifed glacial conditions initiates at 3.1 
Ma. 
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There are several different interpretations of Caribbean scour and drift deposits from 
previous workers. For example, Nesbitt and Young (1997) proposed that Pacific waters 
circulated through the Caribbean at least from 25 to 12 Ma. Strengthening of the Gulf Stream 
and consequent climatic effects therefore began about 3.5 Ma. Biju-Duval et al. (1982) inferred 
that the prominent Middle Miocene unconformity present along the margin from western 
Venezuela to Trinidad was the result of tectonic deformation and uplift and was unrelated to 
oceanic circulation (Fig. 19). Driscoll and Diebold (1999) emphasized a major stratigraphic 
change in the Venezuelan basin between Eocene to early Miocene (eM reflector) current-
controlled drift deposits and Middle Miocene to recent pelagic deposits exhibiting less current 
control. They inferred that this change represented the closure of the Panama strait and the 
isolation of the Caribbean in post-Middle Miocene time. They made no inference about the 
beginning of the Loop Current-Gulf Stream since in their view there was little current activity 
during this interval. We suggest that this divergence in views on the timing and nature of these 
stratigraphic intervals represents the lack of observational data from the key area of the 
southeastern Caribbean which may have been equally important to the Panama strait to the west. 
Coeval, south to north flow was recorded in its “downstream” direction by the contemporaneous 
appearance of common nannofossil assemblages in the northern and southern Caribbean (Roth et 
al., 2000) (Fig. 20), a regional erosional unconformity left behind by currents scouring the 
western Florida shelf (Mullins et al., 1987), and by the formation of sediment drifts in the Straits 
of Florida (Anselmetti et al., 2000) (Fig. 14). 

 
Figure 16. View looking westward from the Atlantic Ocean to the Caribbean Sea across the southeastern 
Caribbean oceanic gateway formed by the Lesser Antilles arc and Aves Ridge. Approximate sill depths are 
indicated. The Atlantic Equatorial Current enters the Caribbean Sea at this point (blue arrow) where it is 
called the Caribbean Current. Islands of the Lesser Antilles are active volcanoes. The Aves Ridge to the 
west is a subsided arc. Both features are likely to have provided shallow barriers or shoals for currents 
flowing between the Caribbean and Atllantic since late Cretaceous times.  

A subgroup of this discussion group focused on plans for drilling Caribbean coral 
reefs (Group leader: Terry Quinn, University of Texas at Austin). Submerged reef terraces are 
widespread on the flanks of almost all Caribbean islands, continental margins, and oceanic 
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gateways and can provide sedimentary archives of changes in surface ocean chemistry and sea 
level. U-series techniques allow for precise determination of calendar ages for reef deposits back 
to 500 ka (Edwards et al., 1987; Getty et al., 2001). High-precision radiocarbon age dating is also 
useful for very young corals. Previous shallow ocean drilling around Barbados and Tahiti have 
clearly provided proof of concept that detailed climate and sea level reconstructions can be 
recovered by drilling, precisely dated, and used to constrain Quaternary climate and sea level 
history (Bard et al., 1990; Guilderson et al., 2001).  

Reefs can record abrupt climate change events, such as melt-water events, and can be 
used to constrain rates and timing of abrupt climate change. The geochemistry of accretionary 
skeletons secreted by corals and other reef organisms provides accurate records of surface-ocean 
temperatures, chemistry and salinity. Present sample coverage in the Caribbean is limited to 
outcrops or the Barbados area. This group of workshop participants favors a coral drilling 
transect from Cuba to the SE Caribbean that would aim to use these samples to construct profiles 
and document lateral hydrographic variations and former abrupt changes in water chemistry. 
Variations could reflect evolution in oceanic gateways in the Straits of Florida area, southeastern 
Caribbean and the Nicaraguan Rise.  

 
Figure 17. A. Example of industry line north of Venezuela showing the prominent Middle Miocene 
unconformity. B. Line in western Venezuela showing the same surface. C. Line from Driscoll et al. (1999) 
that was correlated to DSDP sites in the Venezuelan basin and shows a strong contract between underlying 
Eocene-Miocene turbiditic sedimentation and overlying sediment drifts of Miocene age. As in the better 
studies Straits of Florida (Figs. 14, 15), it appears that current activity became much stronger following the 
Middle Miocene. 

Submerged Quaternary reef deposits are ideal sedimentary archives of changes in surface 
ocean chemistry and sea level and provide important constraints on the role that the tropical 
oceans play in global climate change: 

• Precise chronologies via U-series techniques provide calendar ages absolute ages for reef 
deposits (~0-500 ka); 

• Radiocarbon calibration via combination of high-precision radiocarbon and U-series 
determinations; 
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• Select definitive reef taxa (e.g., Acropora palmata) combined with ecological zonations 
in reef sequences, provide accurate estimates of water depth and hence sea level; 

• Reefs record abrupt climate change events, such as melt-water events, and can be used to 
constrain rates and timing of abrupt climate change; 

• Geochemistry of accretionary skeletons secreted by corals and other reef organisms 
provides accurate records of surface-ocean temperature, chemistry, and salinity. These 
records have sub-annual resolution and extend for decades to perhaps centuries. 

• Climate records developed from skeletal geochemistry of corals and other reef organisms 
provide constraints on mean state of the tropical oceans during times of vastly different 
climate boundary conditions; 

• Multi-decadal and greater length coral-based climate records provide constraints on the 
variability of the tropical oceans. Such records can be integrated with other proxy records 
(e.g., marine sediments, lake sediments, cave deposits) to provide multi-proxy constraints 
on Caribbean climate variability. 

• Recovering coral skeletons and other accretionary skeletons on reefs from multiple 
submerged terraces having similar age distributions permits spatial patterns of climate 
variability especially at inter-annual timescales, to be reconstructed. These 
reconstructions can be compared with climate-model predictions of climate variability.  

 
Figure 18. Deepwater current features observed in the southeastern Caribbean on BOLIVAR multic-
channel seismic lines. A. Area adjacent to the Leeward Antilles arc trend. B. Area southeast of the Aves 
Ridge. C. Area on the western flank of the Aves Ridge. All three areas are astride the zone of the Equatorial 
Atlantic-Caribbean Current and presumably reflect its effects along with the effects of strengthening bottom 
currents in post-Middle Miocene time. 
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Previous ocean drilling at Barbados and at Tahiti provide “proof of concept” that 
accretionary reef organisms amenable to detailed climate and sea-level reconstructions can be 
recovered and that these material provide a unique perspective on Quaternary climate and sea-
level history. 

 
Figure 19. BOLIVAR deep penetration multi-channel seismic line in the southeastern Caribbean showing 
thickly sedimented basins astride the southeastern oceanic gateway of the Caribbean that are idea for 
extracting geologic and climatic records. Previous drililng by DSDP and the oil industry has been restricted 
to the basinal margins or elevated blocks. Orange unit is Paleogene in age; yellow unit is Neogene.  

Thematic Group 2: Tectonic and climatic significance 
of the Caribbean oceanic plateau  

(Group leader: Bob Duncan, Oregon State University.) Caribbean volcanism, both 
oceanic plateau and arc-related, has provided a major source of carbon dioxide and therefore 
contributed to carbon cycle variations and global warming. Possible events that may led to 
increased carbon input from the Caribbean include: 1) the emplacement of the Caribbean oceanic 
plateau (corresponding to Cenomanian-Turonian OAE2); 2) the younger OAE3 of Turonian to 
Santonian age, possibly controlled by the restriction of circulation in the Caribbean and adjacent 
areas; and 3) extensive volcanism of the Central American arc that may have controlled global 
warming during the Early Eocene climatic optimum, the Middle to Late Eocene, and the Early 
Large igneous provinces (LIPs) provide the strongest evidence that, at intermittent times in the 
past, mass and energy were rapidly transferred from the Earth’s interior to its surface in a mode 
very different from plate tectonics (Fig. 21; 22). The Caribbean plateau offers unique 
opportunities to investigate LIPs that are not available (or well developed) in other examples; 
namely, a range of magma compositions that reflect a broad spectrum of mantle melting 
conditions, tectonic windows through which well-imaged, deep plateau structure can be accessed 
through drilling, and a correlated global environmental response (ocean anoxic event OAE2). 
Competing models for LIP formation (start-up mantle plume, extension within ocean lithosphere 
over fertile mantle, meteorite impact) can be evaluated by drilling within the Caribbean region.  

Information from obducted portions of the Caribbean plateau, seismic imaging (Fig. 23), 
submersible sampling and previous DSDP and ODP drilling has led to a model of plateau 
construction that poses several testable hypotheses: (1) plateau formation began with province-
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wide, rapid eruption of large-volume, submarine and subaerial lava flows, (2) massive submarine 
eruptions led to brief periods of global ocean anoxia through intense hydrothermal and degassing 
inputs of trace metals to the surface ocean (Fig. 22), and (3) subsequent tectonic extension 
produced more focused, largely intrusive magmatism that thickened the center of the plateau. 
This sequence of events appears to be generalizable to other LIPs, emphasizing the importance 
of mantle and lithospheric controls in determining the rates and distribution of magmatic activity, 
and the link to rapid and extreme environmental change. 

 
Figure 20. Integration of tectonic and coccolith data from the Caribbean by Roth et al. (2000) using results 
from Caribbean ODP leg 165. A. Inferred Miocene surface circulation patterns in the Caribbean region based 
on the references listed. B. Middle to early late Miocene evolution of the coccolith assemblages in the 
southern (Colombian basin) and northern (Yucatan basin) and the eastern equatorial Pacific with inferred 
status of gateway opening and clousure along the northern Nicaraguan Rise (NR) and along the Central 
American arc (CA). White rectangles = gateway open; gray rectangle = gateway partially open; black 
rectangle = gateway closed. Note that the Nicaraguan Rise gateway becomes fully open to north-south flow 
in the period of 11-9 Ma. 

A complete drilling program has 4 main features: (1) an E-W transect for sampling 
significant sections of the uppermost plateau lavas at as broad a geographic distribution as 
possible to assess age and compositional variations, (2) deep drilling locations for penetration to 
determine internal structure and volcanic stratigraphy, (3) an off-plateau “reference site” to 
establish the age and nature of the underlying plate and any evidence for meteorite impact (i.e., 
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ejecta breccia), and (4) paleoceanographic sites in the Pacific which completely sample the 
Cenomanian-Turonian boundary, downstream from the CLIP. Coring and logging at our crustal 
drilling sites will identify the age and compositional range of plateau forming lavas, determine 
the rate and environment of eruption of three morphologically distinct volcanic phases of plateau 
growth, determine the vertical structure of the central plateau, and assess the extent of hydro-
thermal activity and degassing of plateau lavas, for comparison with trace metal abundance 
anomalies found at the Pacific paleoceanographic sites, as well as other C-T sections world-
wide. 

 
Figure 21. A. The larger black areas shown on this map are oceanic plateaus, or massive emplacements of 
lava over geologically short time periodds (a few million years). Oceanic plateaus are related to the 
beginning stages of hotspot activity and can be correlated to a number of global geologic phenomena, 
including oceanic anoxic events or “OAE’s”. B. Oceanic anoxic zones (OAE’s) associated with the Ontong 
Java, Kerguelen, and Caribbean oceanic plateaus. 

Ultimately, our interest in the role of the Caribbean in the global carbon cycle and global 
climate stems from the current concern over modern global warming. Some of the most 
important earth science questions of our time relate to understanding how human activities may 
be modifying current and future climates. Will Earth enter another warm climate state due to 
rising atmospheric greenhouse gas concentrations? If so, what kinds of biota are likely to 
adapt/evolve and which face extinction? Will Earth enter a "permanent" El Niño or will the 
system exhibit variability that allows for periods of increased/decreased marine productivity?  

Caribbean volcanism, submarine and arc-related, has acted as a major source for carbon 
dioxide, thereby contributing to major carbon cycle variations and global climate warming. 
Volcanism and tectonism in the region have driven massive carbon burial events, both global and 
regional, that accelerated carbon burial rates, perhaps resulting in climatic cooling within 
intervals that were otherwise much warmer than the present day. 



Final report of the JOI workshop 

 –29– 

Figure 22. An event plume is 
associated with the formation an 
oceanic plateau (from Sinton and 
Duncan, 1997). The heat and high 
permeability of erupted material pro-
motes a massive release of hot 
buoyant fluid and degassed metals. 
The reduced metals released during 
the eruptions are oxidized in the 
water column. Cooling rocks interact 
with water to form typical solubility-
driven hydrothermal systems. 
Nutrients increase primary produc-
tivity and rain of organic matter. 
There is a breakdown of ocean 
stratification. 

 
The Cenomanian-Turonian Oceanic Anoxic Event (OAE2) may have been driven largely 

by the supply of biolimiting metals accompanying emplacement of the Caribbean Large Igneous 
Province (LIP) seafloor plateau basalt over the Galapagos Hotspot. The event plume was 
transported from the eastern equatorial Pacific into the Caribbean and, perhaps, throughout the 
world’s oceans. Increased marine productivity driven by Caribbean LIP nutrients may have led 
to massive carbon burial during the global OAE2.  

From at least as far south as Venezuela, northward into the Western Interior Cretaceous 
Seaway (WIKS), and eastward into the widening equatorial eastern Atlantic, the late Turonian 
through Santonian OAE3 carbon burial episode appears to have been driven by tectonic 
restriction of Caribbean and adjacent basins. Peak Cretaceous warmth occurred during the late 
Turonian (Bice et al., 2006) at a time of very active tectonic activity. Although regional in extent, 
OAE3 is a much longer-lived interval than the global OAE2. The volume of organic carbon 
buried may therefore compare to that of the short-lived global OAE2 and may have driven global 
carbon cycle changes with warming, cooling, and perhaps even high latitude ice-sheet growth 
(Stoll and Schrag, 2001). 

In the Cenozoic, carbon dioxide from extensive volcanism in the Central American arc as 
demonstrated by ODP Leg 165 drilling in the Caribbean (Sigurdsson, Leckie, Acton et al., 1997), 
may have contributed to global warmth during the early Eocene Climatic Optimum, the middle 
to late Eocene, and the early through middle Miocene. 
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Figure 23. A. UTIG Gulfrex line tied to DSDP site 146 in the Venezuelan basin. Miocene and younger 
deposits are characterized by sediment drifts signalling enhanced circulation across the Caribbean. 
Massive eruption of the oceanic plateau may have produced a sequence of events leading the late 
Cretaceous OAE events. B. Subduction at the margins of the Venezuelan basin has produced forearc type 
basins that also contain thick records of Cenozoic tectonic and paleoceanographic events.  

 
Figure 24. 
Comparison be-
tween the A) 
Marmara (Tur-
key) and B) 
Cariaco (Vene-
zuela) pull-apart 
basins. Both 
basins are 1200-
1400 meter- 
deep basins 
developed in 
shelflal areas at 
stepovers be-
tween active, 
right-lateral 
strike-slip faults 
that pose signifi-
cant hazards to 
local popula-

tions. Rates of slip are similar for both fault systems between 20 and 25 mm/yr. Both basins are filled by fine-
grained sedimentary rocks that are ideal recorders of tectonic and climatic events. The anoxic, varved character of 
the Cariaco basin, the largest anoxic basin after the Black Sea, has yielded excellent records of Quaternary 
climate that can be correlated with the Greenland ice cores. 
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Thematic Group 3: Tectonic and climatic studies of the Cariaco basin  

(Group leaders: Milene Cormier and Larry Peterson.) Like the Sea of Marmara in 
Turkey, the Cariaco basin is an active pull-apart basin along a strike-slip fault system (Fig. 24). 
Previous work in Cariaco has demonstrated the usefulness of deep, semi-enclosed near-shore 
basins for unraveling the climate record (Fig. 25). Cariaco Basin has provided an excellent 
climate record extending 600kyr, with an unprecedented resolution (Peterson et al., 2000) 
(Fig. 26). This is largely due to its anoxic conditions that allow for an extraordinary degree of 
preservation of its stratigraphy.  

 
Figure 25. A. Single-channel seismic lines used as part of the Cariaco basin IODP site survey for site 1002 
(courtesy of Larry Peterson). Note presence of closely spaced faults formed in the pull-apart basin. B. UTIG 
multi-channel seismic Gulfrex line showing Miocene-Pleistocene fill of the pull-apart basin. Drilling at site 
1002 penetrated only the upper 160 m of the basin that contains several kilometers of fill. C. Log from site 
1002. Map shows location of two lines relative to the location of ODP site 1002. 

Such fault-controlled basins along transform margins provide some of the best 
paleoclimate records and the strike-slip margin of the southern Caribbean offers many such 
basins (Cariaco, Bonaire, Los Roques, Orca). Typically such basins are asymmetric, steep sided 
and flat bottomed and sedimentation is commonly influenced by seismo-tectonic activity related 
to nearby active plate boundary faults. The existing 600 ka paleoclimate record from the anoxic 
and varved Cariaco Basin of northern Venezuela could potentially be lengthened to a record of 
several million years with deeper drilling (Fig. 25). These high fidelity geologic records are 
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largely the result of anoxic conditions that allow for an extraordinary degree of stratigraphic 
preservation. Further drilling in the Cariaco Basin may be timely to extend existing climate 
records back several million years to at least the period of climate cooling at the 
Pliocene/Pleistocene boundary.  

In general, most of the semi-enclosed Caribbean basins in proximity to continent and 
high-altitude areas potentially offer opportunities to investigate the paleoclimatic record on a 
decadal to century timescale. Furthermore, they can be used to investigate how climate 
variability in the marine environment relates to the terrestrial environment: what are the driving 
factors and what are the response time of both systems to the forcing factors. 

Several basins in the Caribbean could be targeted: Cariaco, Bonaire, Los Roques, and 
Orca. Comparative studies between adjacent, similar basins like the Sea of Marmara would 
expand our understanding of the controlling factors on sedimentary record (Fig. 24). A rationale 
for returning for more drilling to the Cariaco includes: 1) would allow an extension of the 
rock/climate record back to a few Myr, and preferably as far back as 3.5 Myr, a period which 
would include the critical period of climate cooling at the Pliocene/Pleistocene (Fig. 12); 
2) would allow a characterization of the climate record at the timescale of the periodicity of the 
Milankovitch cycle (from 41kyr to 100kyr) (Fig. 12). 

Tectonic studies suggest Cariaco Basin originated several million years ago and the 
existing 600 kyr record most likely represents a small portion of the climate record preserved in 
Cariaco Basin. A deeper well would allow: 

1) Oceanographic and faunal changes related to the closing of the isthmus of Panama 
2)  Extend the record of terrestrial environmental change (pollen) back in time 
3)  Formation and evolution of transform basins 
4)  Seismogenic behavior of one of the world’s major continental transform faults. 

Other nearby basins like the Bonaire may be easier to drill (i.e., may not contain gas), 
have higher sedimentation rates, and are fully oxygenated.  

Thematic Group 4: Significance of marine ash layers  
in the Caribbean and eastern Pacific Ocean  

(Group leader: Thor Hansteen, GEOMAR, Germany). Most volcanic eruptions in Central 
America have reached the Caribbean Sea. The thickness, age and chemistry of the resulting ashes 
provide valuable information about the timing and size of eruptions. The working hypothesis of 
this group was a three stage development of the Central American arc that could be tracked using 
ash layers of wide extent that are chemically fingerprinted using major and minor trace elements 
and isotopic compositions. The first stage of the arc was an oceanic period from 92 to 8 Ma, the 
second stage was an accretionary period when Panama accreted to northern South America from 
8 to 3 Ma, and the third stage was from 3 Ma to the present when the Panama gateway closed. 
Ashes can also be used to distinguish what plate is being subducted (i.e., Cocos vs. Caribbean), 
periods of increasing volcanic activity perhaps linked to changes in plate velocity, and growth 
rates of arcs.  
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Figure 26. A. Photo from ODP leg 165 to the Cariaco basin showing varved anoxic sediments recovered 
from drill hole 1002. These sediments revealed a remarkable climate record that provided a tropical 
counterpart to the Greenland ice cores (GISP II) (from Peterson et al., 2000).  

The Caribbean region has dynamically evolved since the late Cretaceous, involving 
formation of a large igneous province, formation and re-organization of subduction zones around 
the Caribbean plate, and closure of the Central American oceanic gateway. Temporal and spatial 
changes in magmatic composition, eruption style and magnitude of arc volcanism provide 
important constraints on how the Caribbean plate tectonic system evolved. Widespread marine 
ash layers allow to study the evolution of arc volcanism with excellent stratigraphic control 
(Fig. 27). Results from ODP Leg 165 show that the Caribbean sediments contain a highly 
detailed record of volcanic activity comprising more than 2000 tephra layers. The proposed 
IODP drill sites on the Nicaraguan Rise and in the Columbian and Grenada basins will provide 
additional rich inventories of ash layers that will be used to address the following problems. 
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Figure 27. Example of the 
explosive ash cloud when Apoyo 
volcano of Nicaragua erupted. 
The ash cloud traveled a distance 
of 300 km over the Pacific 
Ocean and its tephras have been 
recovered from marine coring. 

The Pliocene to Recent CAVA rocks show systematic along-arc geochemical variations 
that are controlled by subduction of the Galapagos hot spot track at Costa Rica, enhanced 
sediment subduction at Nicaragua, and presence of thick continental crust in Guatemala. These 
conditions are the result of plate tectonic rearrangement during the Miocene. Along-arc 
geochemical variations in the Tertiary volcanic province of Central America are expected to 
similarly elucidate the subduction conditions during the early stages of evolution of the Central 
American land bridge. Such variations are best investigated in marine deep sediment cores 
because little stratigraphic control exists for the rocks that are incompletely exposed on land. 
Geochemical results will reveal if, when and where CLIP formation and migration influenced arc 
volcanism triggered by subduction of the Farallon plate which, in turn, will put constraints on 
whether the CLIP formed at the Galapagos Plume (Duncan and Hargraves, 1984; Hauff et al., 
2000) or in-between the Americas (Meschede and Frisch, 1998). For example, plate-boundary 
kinks that would have formed as the CLIP migrated northeastward would produce plume 
signatures in associated volcanism (Govers and Wortel, 2005). Moreover, the stratigraphically 
controlled geochemical data will provide important information on the genesis of the Tertiary 
ignimbrite volcanism and the causes for these episodes of extremely productive magmatism. 

Large-magnitude eruptions can have a substantial climatic effect that does, however, not 
only depend on erupted magma mass but particularly on the composition of the magmatic 
volatiles released. Chemical analyses of glass inclusions in phenocrysts yield the volatile 
compositions and thus facilitate an improved assessment of impacts on the atmosphere.  

The changing subduction conditions that commenced after the Farallon plate became 
divided into the Cocos and Nazca plates at ~23 Ma provoked a gradual westward displacement 
of the active arc that is particularly well developed in Nicaragua. Plank et al. (2002) analyzed 0-
20 Ma volcanic rocks in northern Nicaragua and observed that the along-arc variation in 
sediment signals such as Ba/La remained constant since the Miocene, whereas U/Th increased 
due to a change in composition of subducted sediment (carbonate to clay) that is, in turn, 
attributed to closure of the Panama gateway. Applying an approach similar to that of Plank et al. 
(2002) to Caribbean drill cores along Central America will significantly extend the observations 
both in time and space. Moreover, rather than having a chance selection of a few dated rocks 
collected on land, the much more complete stratigraphic succession in the marine cores will 
allow to observe the pattern of compositional changes with time and thus reveal dynamic aspects 
of magma generation during arc migration. 
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Controls on buried ashes. The detailed chemical compositions of magmas at both the 
CAVA and LAVA (Lesser Antilles Volcanic Arc) are mainly a function of the local subduction 
conditions, i.e., the mode of subduction and the composition of the subducted material. The 
frequency and magnitude of volcanic activity is probably coupled to the subduction rate. The 
eastward drift of the Caribbean plate is a common factor that probably influences subduction 
rates at both the western and eastern destructive margins of the plate. The expected intercalation 
of CAVA and LAVA derived ash layers particularly in the central and eastern proposed IODP 
sites provides an excellent opportunity to test the hypothesis that there is a dynamic link between 
magma production at both subduction zones. Presently available data does at least indicate that 
lower-middle Miocene peak frequencies of volcanism at both arcs coincided temporally (cf. 
Sigurdsson et al., 2000). Chemical signatures of products from both arcs are sufficiently distinct 
to facilitate correlation of ash layers with their region of origin. Chemical characteristics also 
allow to identify sporadic incursions of ash derived from the northern Andean volcanoes.  

Alteration of mafic volcanic glasses involves slow leaching of most elements, leaving 
behind a network enriched in Fe, Mg and water. Felsic glasses become water saturated, and 
eventually dissolve quantitatively. Pore water and sediment chemistry are both strongly 
influenced by glass alteration, which is in turn controlled by dissolution kinetics, pressure and 
temperature. New pore water and solid phase analyses revealed from IODP-data will allow a first 
strategical investigation of the above described phenomena and allow more detailed insights into 
the marine alteration process of volcanic glasses. New kinetic data to be retrieved from IODP-
pore water data will help to enhance our knowledge about the depth-pressure dependency on 
volcanic ash alteration processes. Studying these processes in IODP cores from the Caribbean, 
which contain abundant silicic ashes, will extend the results on glass alteration to much greater 
age and depth of burial. 

Tools to be used in this study. Ash samples collected from the sediment cores will be 
subjected to electron microprobe and laser-ICPMS analyses to determine the major and trace 
element compositions of the glass shards as well as the phenocryst phases. Hand-picked and 
cleaned mineral and glass separates will be used for TIMS analyses of Sr, Nd and Pb isotopes. 
Where K-rich minerals (such as biotite) are present in suitable size, these will be used for single-
crystal laser 40Ar/39Ar-dating. 

Chemical characteristics will be used to correlate ash layers with rocks on land as well as 
between cores. Grain-size and component distributions analyzed in the ash layers will yield 
information on eruption modes and intensities. Glass inclusions in minerals (mainly plagioclase) 
will be analyzed by electron microprobe (S, Cl, F) and FTIR (H2O, CO2) to determine the 
volatile compositions released into the atmosphere by the volcanic eruptions. Moreover, the 
determination of halogen isotopes (using a new setup that will be running at IFM-GEOMAR in 
2007) will put new constraints on the sources of volatiles and the evolution of magmas in arc 
volcanism. 

We plan to apply the same range of methods to samples from ODP Leg 165 and Leg 78A 
cores to obtain the best possible coverage across the Caribbean Sea. 

Thematic Group 5: Tectonic and paleogeographic significance of the 
Anegada Passage and Puerto Rico trench area  

(Group leader: Nancy Grindlay, University of North Carolina - Wilmington). These 
margins contain records from carbonate and clastic rocks and record both tectonically controlled 
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subsidence events and gateway controlled events near the fault-controlled Anegada deepwater 
passage that is critical for the inflow of deeper bottom waters into the Caribbean (Fig. 28). The 
steepness of these margins has led to submarine slides that pose considerable hazards to local 
populations. Two different models have been proposed to explain the collapse and present 
steepness of the margins: subduction erosion and tearing of the subducted slab. This group 
discussed ways in which ocean drilling could be used to test tectonic models and better 
understand the fundamental tectonic controls on over-steepened margins and submarine 
landslides.  

 
Figure 28. View looking southwestward across the Anegada Passage oceanic gateway between the Atlantic 
Ocean and Caribbean Sea. The Anegada Passage is a fault-controlled passage believed to have formed in 
middle to late Miocene time. B. The passage provides the deepest entry point of North Atlantic deep water 
into the Caribbean Sea (blue arrows).  

The northern margin of the Puerto Rico and the Virgin Islands has experienced very rapid 
subsidence (> 3.5 km) since the late Pliocene (Fig. 28). The margin, including the southern slope 
of the Puerto Rico trench, is unique in that it is characterized by Oligocene-Early Pliocene 
shallow-water carbonate platform up to 1.5 km thick that allows for the detailed reconstruction 
of both eustatically and tectonically-controlled sea-level changes (Figs. 29, 30). This thickly 
sedimented and richly fossiliferous tropical margin can be drilled to document the timing and 
rate of subsidence. Drilling results can be used to differentiate between two models to explain the 
subsidence: 1) Late Miocene-recent time-transgressive tectonic erosion of the margin related to 
the oblique underthrusting of the SE Bahama Platform; 2) dynamic response to a change in slab 
dip that resulted in a catastrophic subsidence of the entire margin during a period of tens to 
hundreds of thousands of years. 



Final report of the JOI workshop 

 –37– 

 
Figure 29. A. Tectonic setting of the Puerto Rico-Virigin Islands area. Dotted red line shows outline of the 
Bahama carbonate plaform that is being obliquely subducted beneath the northeastern Caribbean plate. 

Subduction erosion is a common mechanism inducing vertical tectonics along convergent 
margins. This process is accelerated by underthrusting asperities (e.g. seamounts, aseismic 
ridges, hotspot tracks) on the down-going plate. The high-standing features erode the base of the 
overriding plate thereby transferring material to the underthrusting plate. Previous work has 
shown that basal subduction erosion is a difficult tectonic process to quantify, yet the 
contribution of subduction erosion to geochemical recycling at subduction zones is thought to be 
significant. Since the late Miocene, the southeastern section of Bahama platform, a 20 km-thick 
section of carbonates and transitional crust on the subducting North America plate, has swept 
east–to-west along the northern margin of Puerto Rico and the Virgin Islands. Drilling east-to-
west and offshore-to-onshore transects of the platform would constrain history of the margin and 
its relation to arrival of the Bahama Platform. In addition, volume loss through time of material 
involved in basal erosion along this margin could be well constrained. The present-day collision 
point between margin and platform is offshore northwest Puerto Rico, where the platform has 
underthrusted the margin resulting in an anomalous uplifted section of the forearc. The Mona 
Block represents the shallowest possibility of drilling (top of bank is 900 m BSL) through the 
subduction decollement and into the underlying asperity (Fig. 29, 30). 
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Figure 30. Sequence of 
events that have affected 
northern Puerto Rico and 
the southern margin of 
the Puerto Rico trench 
and Anegada Passage 
oceanic gateway. A. 
Middle Oligocene to 
early Pliocene was a 
time of tectonic 
quiesence. B. Rapid 
subsidence in the period 
of early Pliocene to 
Holocene is attributed to 
tectonic erosion 
produced by oblique 
subduction of the 
Bahama carbonate 
platform beneath Puerto 
Rico. C. Oligocene to 
Pliocene carbonate and 
clastic rocks record the 
large subsidence along  

the Puerto Rico trench margin. The origin of the Middle Miocene unconformity is not well understood since 
massive subsidence and uplift on Puerto Rico did not begin til he early Pliocene. 

An alternate model invokes a dynamic response of the margin to tearing and changes in 
dip of the subducting slab due to changes in the stress field and high plate curvature. A section of 
the down-going North America plate between eastern Puerto Rico and the present-day collision 
point of the Bahama Platform has increased in dip relative to adjacent sections, resulting in 
decoupling from the overriding Caribbean plate and the rapid and uniform subsidence of the 
northern Puerto Rico-Virgin Island margin. Better constraints on the timing and rate of 
subsidence of the margin would give a time scale to changes in mantle corner flow. 

Whether the margin subsidence is still taking place or stopped has important implications 
for the future mass-wasting and associated tsunami in the region. Evidence of massive submarine 
landsliding, both in number of events and volume, has occurred along the tectonically active 
margin (Fig. 29). The coastal communities of Puerto Rico and the Virgin Islands have 
experienced tsunami in the recent past, possibly triggered by submarine landslides. If subsidence 
is still occurring, the likelihood of continued mass-wasting is great, and thus represents a 
significant hazard to the coastal communities of the region. Drilling of near-shore coral reefs has 
the potential to document near-term vertical movements of the margin. 

Summary of workshop target areas 

The map in Figure 31 summarizes the main target areas for drilling that were discussed at 
the workshop. Because of the widely varied interests of the participants there was no single 
result, resolution, or specific study area proposed by the workshop group as a whole. Instead, the 
groups pointed out a number of research topics and study areas where the various groups listed 
might collaborate for mutual benefit.  
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Figure 31. A. Map from Nesbitt and Young (1997) showing the Caribbean-Gulf of Mexico segment of the 
global conveyor belt of oceanic currents. The solid curve represents warm, shallow northward-flowing 
waters of the Atlantic Equatorial Current that enter the Caribbean Sea and Gulf of Mexico (Loop current) 
and exit into the northern Atlantic Ocean (Gulf Stream). The major sites of North Atlantic Deep Water 
(NADW) are shown by the circled X’s. The dashed lines show the track of NADW after its production and 
subsidence. B. Bathymetric map of the Caribbean showing the modern track of the Caribbean current-
Loop current-Gulf Stream on its return track to the Greenland region. The track crosses both active plate 
boundaries of the Caribbean plate as well as the trace of a former Paleogene Caribbean plate boundary in 
the Yucatan Strait. Numbers indicate high priority areas for IODP drilling as discussed at the workshop. 
Number 1 refers to “oceanic gateway” studies mostly based on marine geology and geophysics: 1a = 
Yucatan Strait; 1b = Pedro Banks and Navassa Trough at the site of the foundered Nicarguan Rise and 
bank between Jamaica and Haiti; 1c = Anegada Passage between Puerto Rico and St. Croix (US Virgin 
Islands); 1d = Tobago and Grenada basins; 2 = Caribbean oceanic plateau and overlying sedimentary 
sequences, especially in regard to the control of plateaus on oceanic anoxic events or “OAE’s”; 4 = ashes 
erupted from Central American volcanoes and deposited in the Pacific Ocean, Caribbean Sea, and Gulf of 
Mexico; 5 = tectonic origins of the Puerto Rico trench based on subsidence of its southern flank.  
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Appendix 1. Presentations made at the 2006 IODP Caribbean workshop, 
March 30-April 1, 2006 

A. Table of ten overview talks covering tectonic and paleoceanographic/climatic aspects of 
the Caribbean Sea, Gulf of Mexico, Atlantic Ocean, and Pacific Ocean  

 
 Authors Title 
O1. Paul Mann and Lisa Gahagan Caribbean plate model and its constraints on 

165 million years of gateway history  
O2. Larry C. Peterson Caribbean circulation overview and Late 

Quaternary high-resolution climate records 
from the Cariaco Basin 

O3. André W. Droxler and Kevin C. 
Burke 

Caribbean constraints on circulation between 
Atlantic and Pacific oceans over the past 40 
million years 

O4. James D. Wright The history of North Atlantic deep water over 
the past 35 million years 

O5. Robert A. Duncan, Laura J. Snow, 
Timothy J. Bralower, Maya B. 
Elrick and Linda de Romero 

The global distribution of metal anomalies 
around the Cenomanian/Turonian boundary: 
evidence for the Caribbean Plateau formation–
OAE2 connection 

O6. Alejandro Escalona Basinal record and tectonic history of SE 
Caribbean: new seismic data as a guide for 
future drilling 

O7. Ross D. E. MacPhee and Manuel A. 
Iturralde-Vinent 

Relevance of vertebrate paleobiogeography to 
Caribbean paleoceanography 

O8. Gregor P. Eberli Interaction of tectonics and paleoceanography 
in the northern Caribbean, Yucatan Straits, and 
Straits of Florida 

O9 Craig S. Fulthorpe Proposal submission to the Integrated Ocean 
Drilling Program (IODP) 

O10. Henry Hooghiemstra and Vladimir 
Torres 

Closure of the Atlantic-Pacific gateway, 
orogenesis of the northern Andes, and 
biogeographical and evolutionary 
consequences for Colombian ecosystems: 
perspectives for new IODP-ICDP research 
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Overview Talk 1. Caribbean plate model and its constraints on 165 million years of 
gateway history 

Paul Mann1 (paulm@ig.utexas.edu) and Lisa Gahagan1 (lisa@ig.utexas.edu) 
1Institute for Geophysics, Jackson School of Geosciences, University of Texas, Austin, Texas 

 
In this talk I use computer-generated, plate tectonic animations showing the positions of 

oceanic crust and continental blocks in the Gulf of Mexico and Caribbean region for the last 165 
my. These reconstructions are derived from published tectonic models in the literature combined 
with models developed by the UTIG PLATES group. The objective is to provide a regional view 
of all parts of the Caribbean, Gulf of Mexico, and adjacent areas of the Pacific and Atlantic 
Oceans that will be shown in greater detail by later talks and posters. 

I begin with a definition and illustration of oceanographic gateways and barriers using 
well studied, tectonically-controlled and currently active gateways in the modern ocean basins. 
These examples are shown because many of the proposed Caribbean paleoceanographic 
gateways and barriers are now obscured by later deformation and can only be indirectly inferred 
from sedimentary deposits and chemical or biogenic proxys in adjacent ocean basins. A common 
tectonic control on gateways seen in late Cenozoic ocean basins - including the Caribbean - are 
small but deep, pull-apart basins formed at stepovers along strike-slip faults. 

The following gateway events relevant to Caribbean paleoceanography are highlighted 
during reconstructions covering the period from 165 my to the present: 
1) The proto-Caribbean Sea-Gulf of Mexico area originated during the breakup and rifting of 

Pangea in the period from the late Triassic to earliest Cretaceous (220-140 Ma). Three major 
continental blocks were involved in the breakup and included the North America plate, the 
South America plate, and the intervening Yucatan continental block. Opening of the Gulf of 
Mexico was accomplished by rifting along Paleozoic suture zones and CCW rotation of the 
Yucatan block. The original Caribbean gateway connecting the central Atlantic and Pacific 
formed at the site of this rifting; massive salt of late middle Jurassic age (165 Ma) in the Gulf 
of Mexico suggests that this gateway was intermittently open to marine incursions until the 
onset of more open marine conditions during the late Jurassic. By Early Cretaceous, an 
opening proto-Caribbean seaway is assumed to have connected the Pacific and Atlantic 
Oceans, although this oceanic tract was subsequently completely subducted beneath the 
incoming Caribbean plate in the Cenozoic. 

2) By early Cretaceous (125 my), the North Atlantic had developed an active mid-ocean ridge 
and reached depths of up to 4 km. By this time Africa had begun to separate from Iberia and 
produced a gateway connecting the North Atlantic, Tethys and the widening proto-Caribbean 
Sea.  

3) By the middle of the Cretaceous (100 my), the proto-Caribbean Sea provided a several 
hundred km wide deepwater seaway connecting the eastern Pacific Ocean and the central 
Atlantic Ocean. Most authors assume that the Great Arc of the Caribbean is now encroaching 
from the eastern Pacific but was unlikely to have formed a major barrier to Atlantic-Pacific 
flow. The South Atlantic opened between South America and Africa by late Albian (104 my) 
and thereby allowed deepwater circulation between the North and South Atlantic. 

4) By late Cretaceous (80 my), the North Atlantic was a fully formed ocean basin with depths 
down to 5 km. At this time, the Caribbean oceanic plateau had formed and its encompassing 
Great Arc collided with the passive margins of northwestern South America and northern 
Central America. The blocking effects of this potential arc barrier on Pacific-Atlantic 
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interchange remains poorly understood. The Great Arc and its trailing oceanic plateau 
continued to move to the northeast and consume preexisting proto-Caribbean oceanic crust. 

5) By early Eocene (55 my), the northeastwardly trajectory of the Great Arc causes its leading 
edge to diachronously collide with the Bahama platform in the northeastern Caribbean. The 
Bahamas-Cuba collision also terminates northeastwardly directed Caribbean plate motion 
and reorients in the plate onto its presently eastwardly trajectory into the central Atlantic 
Ocean. Late Paleocene-early Eocene initial opening of the Cayman trough strike-slip system 
and its deep oceanic pull-apart basin produced a deep, elongate basin in the northern 
Caribbean that facilitated intra-Caribbean circulation in a north-south direction. In the 
southern Caribbean, oblique arc collision occurred in central Venezuela and tracks eastward 
towards Trinidad. At this time the Aves ridge segment of the Great Arc possibly formed a 
subaerial barrier spanning the central Caribbean. 

6) By middle Miocene (15 my), collision of the Great Arc against the Bahamas is complete in 
the northern Caribbean. The Great Arc continues to migrate eastward along the northern 
margin of South America, where a widespread uplift and erosional event occurs. The 
volcanic axis of the Aves Ridge has shifted to the Lesser Antilles in a process starting as 
early as the late Oligocene. 

7) From the late Miocene (8-6 my), convergence between the Panama arc and northwestern 
South America had shoaled the Pacific-Caribbean gateway with complete closure of the 
Panama gateway by the Pliocene (3.5 my). 
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Overview Talk 2. Caribbean Circulation Overview and Late Quaternary High-Resolution 
Climate Records from the Cariaco Basin 

Larry C. Peterson1 (lpeterson@rsmas.miami.edu) 
1Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, Florida 

 
The Caribbean Sea is semi-enclosed but plays a critical role in the large-scale meridional 

overturning circulation (MOC) of the Atlantic. Surface currents in the Caribbean flow 
predominantly to the west, with most of the Atlantic inflow entering the Caribbean through 
passages between Cuba and South America. In addition to waters that arrive via the Guiana 
Current, Caribbean surface waters are also influenced by outflow from the Orinoco and Amazon 
Rivers and by Sargasso Sea water transported into the Caribbean by the prevailing northeast 
trade winds. The bulk of this water exits the Caribbean through the Yucatan Channel. Because 
the sill depths into the Caribbean are only 1600-1800 m at their deepest, the waters of the 
Caribbean at depths greater than the sills are nearly homogeneous in character and derived from 
Atlantic waters at intermediate depth. Sediments from the deep Caribbean thus provide a useful 
means of monitoring variability in the shallower components of the Atlantic thermohaline 
circulation.  

Along the southern margin of the Caribbean, variations in circulation, trade wind 
intensity and precipitation are largely driven by the seasonal migration of the ITCZ. Here, high 
sedimentation rates created by seasonal coastal upwelling and the delivery of terrigenous 
materials from South American rivers offer the potential to recover high-resolution records. A 
number of small basins can be found along the coast north of Venezuela. Cariaco Basin is the 
best known and has produced important tropical paleoclimate records that will be reviewed in 
this presentation. Other basins, including Bonaire and Los Roques, are largely unstudied but may 
offer similar drilling potential.  
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Overview Talk 3. Caribbean constraints on circulation between Atlantic and Pacific 
oceans over the past 40 million years 

André W. Droxler1 (andre@rice.edu) and Kevin C. Burke2 (kburke@uh.edu) 
1Department of Earth Science, Rice University, Houston, Texas 
2Department of Geosciences, University of Houston, Houston, Texas 

 
During the Cenozoic, the Caribbean Sea has been a major conduit for water exchange 

between the low latitudes of the Atlantic and Pacific oceans. The great Arc of the Caribbean, 
represented today by the Lesser Antilles, made its initial entry from the Pacific Ocean into the 
Atlantic Ocean at about 80 Ma. Ever since that time, shallow water environments have occurred 
in various areas of the Caribbean Sea and have surely influenced circulation within and between 
the two great ocean basins. Tectonic processes have constructed and destroyed barriers to that 
exchange in three critical regions of the Caribbean Sea: (1) the Aves Swell and Lesser Antilles, 
(2) the northern Nicaragua Rise, and (3) the Central American Sea, later to be occupied by the 
Isthmus of Panama. Modifications of the general Caribbean configuration, developed over time 
scales of tens of million of years, modified the inter-oceanic and inter-hemispheric, deep, mid-
depth, and surface ocean circulation. Prior to the final closure of the Central American Seaway 
about 3 Ma, there were at least two earlier episodes along the Aves Swell in the Oligocene and 
the northern Nicaragua Rise in the middle Miocene capable of strongly modifying the Pacific-
Atlantic inter oceanic circulation. The evolution of those three gateway areas has been generally 
quite complex. Histories of either their closures or openings are recorded in the pelagic 
sediments deposited on either side of the gateways because these sediments have archived in 
great details the modified oceanic conditions related to the gateway closures and openings. 
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Overview Talk 4. The History of North Atlantic Deep Water over the past 35 Million years 

James D. Wright (jdwright@rci.rutgers.edu) 
Wright Laboratories, Department of Geological Sciences, Rutgers University, Piscataway, New Jersey 

 
Caribbean tectonics have altered North Atlantic surface water circulation and during the 

Cenozoic. Many hypotheses have linked these changes to late Neogene climates, calling for 
variations in physio-chemical properties in the surface waters flowing to the northern North 
Atlantic as the catalyst for making the North Atlantic region viable for deep-water formation. 
Knowing the history of deep-water formation in the North Atlantic is vital in assessing the role 
of Caribbean tectonics in global climate change. 

Benthic foraminiferal δ13C, Nd-isotopic, and drift sedimentation document the presence 
of Northern Component Water (NCW, analogous to NADW) beginning in the early Oligocene. 
Drift accumulation and Nd-isotopic records indicate that NCW continued until the present, with 
the highest sedimentation occurring during the latest Miocene to early Pliocene. In contrast, 
carbon isotope records show only a brief pulse of NCW in the earliest Oligocene and a weak to 
moderate flux during the late early Miocene (20-16 Ma). Since ~12 Ma, NCW has persisted until 
the present with a peak flux during the early Pliocene. 

My conclusion is that Caribbean tectonics were not the sole mechanism for deep waters 
to sink in the North Atlantic. However, they were probably an important influence during the late 
Cenozoic by altering the physio-chemical properties of North Atlantic deep water. This in turn 
could have made the North Atlantic a much more viable deep-water source near the 
Miocene/Pliocene boundary. 
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Overview Talk 5. The Global Distribution of metal anomalies around the 
Cenomanian/Turonian boundary: Evidence for the Caribbean Plateau 
Formation–OAE2 Connection 

 
Robert A. Duncan1 (rduncan@coas.oregonstate.edu), Laura J. Snow1, Timothy J. Bralower2 
(bralower@geosc.psu.edu), Maya B. Elrick3 (dolomite@unm.edu) and Linda de Romero4 
(deromero@email.unc.edu) 

1College of Oceanic and Atmospheric Sciences, Oregon State University, Corvallis, Oregon 
2Department of Geosciences, Pennsylvania State University, University Park, Pennsylvania 
3Department of Earth and Planetary Sciences, University of New Mexico, Albuquerque, New Mexico 
4Department of Geological Sciences, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 

 
Initial volcanism that formed a large part of the Caribbean plateau appears to have 

coincided with ocean anoxic event 2 (OAE2), which occurred close to the Cenomanian/Turonian 
(C/T) boundary (~93.5 Ma). Increased trace metal delivery to the surface ocean during volcanic 
activity associated with this ocean plateau has been suggested as the cause for the depletion of 
seawater oxygen concentration and deposition of organic rich sediments. An interval of trace 
metal anomalies has been seen in pelagic carbonate and black shale sequences of the Rock 
Canyon section, Pueblo, Colorado at the onset of the δ13C global positive event. The presence 
and stratigraphic position of these metal anomalies indicate a relationship between ocean plateau 
formation and ocean anoxia. 

To further strengthen the argument for a direct connection between “event plumes” 
associated with the construction of the Caribbean plateau and OAE2, we determined the 
distribution of major, minor and trace element abundances in pelagic carbonate and black shale 
sequences from four globally distributed sites (Bass River, New Jersey; ODP Site 1138, central 
Kerguelen Plateau; Baranca el Cañon, Mexico; and the Totumo commercial well, Venezuela). 
After normalizing element concentrations to Zr to remove the effect of variable terrigenous input 
to these sediments, an interval of metal anomalies, at approximately the same stratigraphic 
location, is present in all sites. The presence of metal abundance anomalies, and their 
stratigraphic position relative to events associated with OAE2, strengthens the idea that 
hydrothermal activity could be the causative agent in pushing the ocean abruptly into anoxia.  

In addition, we compared results from the five sites for any gradients in trace metal 
abundance signals and/or changes in trace metal patterns between distal and proximal locations 
relative to the Caribbean plateau. The changes in trace metal patterns and intensities among these 
five sites are consistent with the modeled late-Cretaceous surface circulation and a source of 
metals being the Caribbean ocean plateau.  
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Overview Talk 6. Basinal record and tectonic history of SE Caribbean: New seismic data 
as a guide for future drilling 

Alejandro Escalona (escalona@ig.utexas.edu) 
Institute for Geophysics, Jackson School of Geosciences, University of Texas, Austin, Texas 

 
The Caribbean-South America plate boundary formed by the west-to-east collision of the 

Caribbean arc with the passive margin of northern South America since the Late Cretaceous. The 
collided Caribbean arc terranes are mainly found offshore in the Carribbean Sea off the northern 
coasts of Colombia, Venezuela and Trinidad while the deformed passive continental margin 
rocks and syn-collisional foreland basins are generally found onshore. The collision zone and its 
northern extension into the uncollided Lesser Antilles segment of the arc is an important area for 
understanding the eastern Caribbean "gateway" since the position of Caribbean arc-related 
bathymetric highs moved eastward throughout the Late Cretaceous and Cenozoic. I summarize 
our current state of understanding of the seismic stratigraphy of the offshore Caribbean arc 
related basins based on ~5000 km of BOLIVAR data collected in 2004, ~8000 km of Gulfrex 
data collected in 1975, and scattered DSDP and oil industry wells now in the public domain. The 
described basins include the Tobago, Grenada, Columbus, Cariaco, Venezuelan, and various 
smaller basins associated with the South Caribbean deformed belt. Because this vast offshore 
region has moved eastward relative to a fixed South American plate, I present a possible 
paleogeographic evolutionary model for how the terrigenous river systems of South America 
infilled these basins throughout the Cenozoic. Finally, possible drilling targets based on the 
analysis of these data that could constrain the Late Cretaceous-Cenozoic history of the eastern 
Caribbean gateway area. 
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Overview Talk 7. Relevance of vertebratep to Caribbean paleoceanography 

Ross D. E. MacPhee1 (macphee@amnh.org) and Manuel A. Iturralde-Vinent2 (iturralde@mnhnc.inf.cu) 
1Division of Vertebrate Zoology/Mammalogy, American Museum of Natural History, New York, New York 
2Museo Nacional de Historia Natural, La Habana, Cuba 

 
(1) Central American Seaway. Partial closure of the Seaway in M./L. Miocene is inferred 

to have occurred between ~10.7 and 9.4 Ma (Roth et al., 2000). Consistent with this is the 
appearance of several mammalian taxa in North America ca. 9 Ma. However, faunal interchange 
at this time was light, in contrast to the end-Pliocene event, suggesting that the barrier was either 
discontinuous or evanescent (or both). 

(2) Southeast Portal. Iturralde-Vinent and MacPhee (1999) inferred that a barrier, built 
along the spine of the Aves Ridge and intersecting with both northwestern South America and 
the Greater Antilles island-arc (GAARlandia), existed for a short period (<1 Ma?) ca. 30-33 Ma, 
around the time of the Eocene/Oligocene transition. Biogeographically, the GAARlandia hypo-
thesis is consistent with the fact that nearly all lineages of Antillean land mammals are of South 
American affinity. A structure as large as GAARlandia should have had an acute effect on mid-
Paleogene paleoceanography, but this seems to be an underinvestigated issue (cf. Donnelly, 
1989).  

(3) Molecular biogeography. Divergence time of a lineage from its sister-group can be 
estimated from sequence differences. For example, the endemic Cuban-Hispaniolan insectivore 
Solenodon diverged ca. 76 ± 4 Ma; Roca et al., 2004). Its sister-group is probably North 
American; was there therefore a land connection in the Campanian? Molecular estimates for the 
divergence of lineages represented in the Quaternary Antillean fauna are generally later 
(Miocene) than the inferred GAARlandia episode (Eo-Oligocene); either the molecular estimates 
are wrong, or GAARlandia did not function as stipulated.  
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Overview Talk 8. Interaction of tectonics and paleoceanography in the northern 
Caribbean, Yucatan Straits and Straits of Florida 

Gregor P. Eberli 
Comparative Sedimentology Laboratory, University of Miami, Miami, Florida 

 
The Caribbean region has experienced major changes in its configuration as the eastward 

moving plate interacted with the north and south American continental margins. These tectonic 
changes also had a major impact on the seaways out of the Caribbean. The Yucatan Straits and 
the Straits of Florida provide today the connection between the Caribbean and the Gulf of 
Mexico/Atlantic, enabling the Caribbean current to flow northward to become part of the Loop 
current, Florida current and finally the Gulf Stream.  

The tectonic evolution of the Yucatan Straits, although not well constrained, began about 
53 Ma ago when the Yucatan basin formed. The Straits of Florida also developed approximately 
at the same time as a result of the collision of the Caribbean plate with north America that 
segmented the Florida-Bahamas platform and produced the grain for the present-day platform 
basin configuration north of Cuba. Although the first current deposits in the Straits of Florida are 
Eocene in age, the Straits were not an important seaway until the Swuanee Channel in North 
Florida closed 25 Ma ago. Sand waves and erosive channels become widespread around 19.2 Ma 
culminating with drift deposition between 15.9 and 15.1 Ma. Drift deposition ceases between 
15.1 and did not reappear until 12.4 Ma ago. This drastic decrease of current activity might be 
related to reported uplift of the Nicaraguan Rise.The onset of renewed drift sedimentation at 12.4 
Ma coincides with the subsidence of the Nicaraguan Rise and the onset of the closure of the 
Central American Seaway. Final closure of the Central American Seaway resulted in an increase 
of drift sedimentation at 5.4 Ma. Yet, an observed decrease of current flow at 3.6 Ma seems 
unrelated to tectonic activities.  
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Overview Talk 9. Proposal submission to the Integrated Ocean Drilling Program (IODP) 

Craig S. Fulthorpe 
Institute for Geophysics, Jackson School of Geosciences, University of Texas, Austin, Texas 

 
Beginning in 2007, IODP will operate two full-time drilling platforms: a non-riser 

Scientific Ocean Drilling Vessel (SODV; this will be a conversion of the JOIDES Resolution, the 
ODP drilling vessel) and the riser drilling vessel Chikyu (12,000 m drill string, 2500 m riser 
capability). IODP will also draw upon mission-specific platforms for drilling in conditions to 
which the other platforms are unsuited (e.g., shallow water). IODP drilling proposals are 
solicited twice per year (1 April and 1 October). The proposed drilling need not be constrained to 
fit within a two-month drilling expedition, typical of the non-riser drill ship, or within the 
capabilities of any single drilling platform. However, each site must be carefully justified based 
on scientific need and explicitly tied to one or more of the scientific themes of the IODP Initial 
Science Plan (ISP; available at www.iodp.org). The usual procedure is first to submit a short 
preproposal. The preproposal is reviewed by the Science Steering and Evaluation Panel (SSEP), 
part of the Science Advisory Structure (SAS; Figure 1). The SSEP will usually recommend 
either submission of a revised preproposal, or a longer full proposal (pre- and full proposals have 
specific formats also described at www.iodp.org). The SSEP may recommend subsequent 
revisions of the full proposal and will eventually send it for external review. This “nurturing” is 
aimed at bringing the proposal to the level of maturity at which it is suitable for forwarding to the 
Science Planning Committee (SPC) for global ranking and eventual scheduling by the 
Operations Task Force (OTF). This process takes several years, probably a minimum of three, 
but usually considerably longer, and involves evaluation of site-survey data (by the Site Survey 
Panel, SSP, and Environmental Protection and Safety Panel, EPSP) as well as the scientific 
rationale for drilling. It is important for proponents to be aware of the complexity and duration of 
the proposal review process. However, all components of the SAS, particularly the SSEP via its 
proposal “watchdogs”, are available to provide advice and assistance to proponents. Proponents 
are encouraged to communicate with the SAS as their proposal moves through the system. 
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Figure 1. Summary IODP proposal flow chart. The chart illustrates the interactions between components 
of the Science Advisory Structure (SAS). EDP, Engineering Development Panel; EPSP, Environmental 
Protection and Safety Panel; IODP-MI, IODP Management International, Inc; OTF, Operations Task 
Force; SPC, Science Planning Committee; SSDB, Site Survey Data Bank; SSEP, Science Steering and 
Evaluation Panel; SSP, Site Survey Pannel; STP, Scientific Technology Panel. Details are available at 
www.iodp.org. 
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Overview Talk 10. Closure of the Atlantic-Pacific gateway, orogenesis of the northern 
Andes, and biogeographical and evolutionary consequences for 
Colombian ecosystems: perspectives for new IODP-ICDP research 

Henry Hooghiemstra1 (hooghiemstra@science.uva.nl) and Vladimir Torres2 

(vladimir.torres@ecopetrol.com.co) 
1Institute for Biodiversity and Ecosystem Dynamics (IBED), University of Amsterdam, Amsterdam, The Netherlands 
2 Biostratigraphy Team, Instituto Colombiano del Petróleo, Colombia 

 
For the first time the series of Pleistocene ice ages is documented in an unprecedented 

2100-sample pollen record from the 586-m deep Funza-2 core drilled in the basin of Bogotá 
(Torres 2006). Records of grain size data revealed the local environmental history in the basin 
(Torres et al. 2005). Chronological control of terrestrial records is notoriously difficult. Absolute 
fission track datings and comparisons with astronomically tuned marine �18O records of climate 
change showed the record is dated from 3.2 million year ago (3.2 Ma) to 30,000 years ago (30 
ka); in some core intervals chronology has to be substantiated. With unprecedented accuracy 
immigration events are registered. The modern paramo vegetation and flora received components 
originating from the northern hemisphere (holarctic taxa), from the south (austral-antarctic taxa), 
via adaptation from the Neotropical lowlands (Amazonian centered taxa), and taxa that evolved 
after orogenesis locally in the newly formed high Andes during Miocene and Pliocene time 
(including many endemics) (Hooghiemstra, Wijninga & Cleef, in review). Proto-Andean forest 
communities of late Miocene and Pliocene time gradually changed into our modern vegetation 
communities and North Andean ecosystems. A long series of successive non-analog vegetation 
types can be recognised hindering a quantitative interpretation of the pollen record by using the 
modern setting as a calibration tool.  
 The ecotone tree Polylepis originated from the southern Andes and arrived 2.55 Ma in 
central Colombia. Alnus originated from the northern hemisphere, had passed the Panamanian 
Isthmus between ca. 4 and 1.5 Ma and arrived 1.1 Ma in the Bogotá area. Comparison of 
Mexican Pacific record DSDP 493 with site Bogotá shows Quercus arrived already ca. 15 Ma in 
Central Mexico but arrived only between 478-330 ka in the Bogotá area, documenting a very 
slow migration (Van 't Veer & Hooghiemstra 2000; for the most recent time frame see Torres 
(2006) and Torres et al. (in prep.)). During the last 20 Ma evolution produced ca. 130 different 
species in the genus Quercus in Central America. Quercus passed the Panamanian Isthmus only 
during Pleistocene time and only one species (Q. humboldtii) migrated as far south as the 
Colombian-Ecuadorian border (Hooghiemstra 2006; Torres 2006). The geologically speaking 
most recent parts of the Andes (Cocuy area, Colombia; Cordillera de Mérida, Venezuela) 
coincide with biodiversity hotspots, suggesting plant diversity is favoured by a dynamic 
environmental history. Cyclic paleoecological instability as an engine of speciation is evidenced 
in particular by the distribution patterns of Espeletia (and related genera) in combination with 
Pleistocene altitudinal migration of the upper forest line leading to cyclic repeating periods of 
genetic isolation and periods of gene-flow (Hooghiemstra & Van der Hammen 2004). The mega-
diverse Amazonon basin had a dynamic history also (Van der Hammen & Hooghiemstra 2000), 
supporting this relationship. On the contrary the biodiverse Guyana Shield vegetation possibly 
experienced a stable history. 

The closure of the Atlantic-Pacific gateway triggered a suite of migrations across the 
Panamanian Isthmus of which only a few are documented in marine and terrestrial pollen records 
(Hooghiemstra 2006). In contrast to premature claims in some palynological text books (Feagri 
& Iversen, 1989), marine palynology is very well able to trace biogeographical changes on the 
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adjacent continent (Hooghiemstra 2006; Hooghiemstra et al. 2006). Variety in migration speed 
supposedly relates to plant-specific ecological characteristics and paleogeographical 
development of the South Caribbean area. The SW Caribbean area and Eastern Pacific offer 
good opportunities to collect additional marine and terrestrial cores with the aim to improve our 
understanding of migration, changing biogeographical patterns, and biostratigraphy. High 
resolution pollen records from strategic altitudes provide stunning evidence of the dynamic 
balance of ecosystems forced by changes in temperature and precipitation (Hooghiemstra et al., 
unpubl. data) offering excellent opportunities to arrive at significantly improved land-sea 
correlation of climate records, a research field where IODP and ICDP meet. Although technical 
recommendations of deep continental coring (PAGES 1995) are still valid, new terrestrial 
research projects may benefit from (a) limitation of research to key-proxies only, (b) using more 
advanced drilling technology, (c) further automatization in sample analysis (pollen analysis in 
particular), and (d) consortia of research groups to enable multiproxy research with high 
temperal resolution. 
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B. Table of twenty-five poster presentations covering tectonic and paleoceanographic/climatic 
aspects of the Caribbean Sea, Gulf of Mexico, and Atlantic Ocean 

 Authors Title 
P1. Thor H. Hansteen, Kaj Hoernle, 

Steffen Kutterolf, Armin Freundt 
and Paul van den Bogaard 

Volcanic ashes from large volcanic eruptions 
in Central and South America and the 
Caribbean igneous basement 

P2. M. H. Cormier, C. M. G. McHugh 
and L. Seeber 

Tectonics, earthquakes, and sedimentation in 
transform basins: an integrated approach for 
the Caribbean plate boundaries 

P3. Kevin Burke, Armando Altamira 
and Dale Bird 

Strain partitioning within the CARIB-SOAM 
right-lateral strike slip PBZ 

P4. S. A. Clark, A. Levander, M. B. 
Magnani, C. A. Zelt, D. S. Sawyer, 
H. G. Ave Lallemant and The 
BOLIVAR Working Group 

Subduction zone migration and polarity 
reversal along the Caribbean-South American 
diffuse plate boundary at 64ºW 

P5. M. Beatrice Magnani, Colin A. Zelt 
and Alan Levander 

Imaging the SE Caribbean accretionary 
boundary: Results from the BOLIVAR 
seismic reflection and refraction data at 65°W 
and 67°W 

P6. Giuseppina Kysar Mattietti More questions more than answers: Looking 
for evidence of early Tertiary subduction 
along the northern Caribbean margin  

P7. Nancy R. Grindlay and Paul Mann Late Miocene-Recent oblique subduction of 
the Bahama Platform beneath the northeastern 
corner of the Caribbean plate: Gateway 
opening, extreme subduction erosion, and 
earthquake and tsunami hazards 

P8. J. L. Granja, A. Carbó, A. Muñoz-
Martin, M. Gómez, D. Córdoba, J. 
Martín Dávila, U. ten Brink, C. von 
Hilldebrandt and J. Payero  

A new survey studies the Northeastern 
Caribbean plate: GEOPRICO-DO Project 

P9. Uri ten Brink The northern Caribbean plate boundary: High 
concentration of diverse plate tectonic 
processes 

P10. David W. Scholl Bering Sea gateways: Tectonically kindred 
and oceanographically connected to those of 
the Caribbean 

P11. R. Mark Leckie and Stephen A. 
Nathan 

Indonesian seaway closure and the early 
history of the western Pacific Warm Pool 
during the Middle to Late Miocene: Broader 
implications about tectonic gateways and 
changes in ocean circulation 

P12. Charles Jackson, Olivier Marchal 
and Yurun Liu 

Distinguishing mechanisms of abrupt climate 
change in the geologic record of the last ice 
age 

P13. Isha M. Renta-López, Vernon Verification of hurricane forecast skill 
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Morris and Mark Powell improvements in models 
P14. Brad E. Rosenheim Assessing the Caribbean thermocline 

ventilation and its role in global climate 
P15. Kyeong J. Kim, A. J. Timothy, Jull 

Lanny and R. McHargue 
 

10Be stratigraphy of the Caribbean gateway 

P16. Peter K. Swart, William Curry, 
Ralph Mead and Larry Peterson 

What are the relationships between salinity 
and δ18Ow: The Caribbean as an example 

P17. Sean Sullivan Iron deposits in the Atlantic and Caribbean 
and their relationship to climate 

P18. Frederick W. Taylor, James A. 
Austin and Terrence M. Quinn 

Consideration of the role of vertical tectonics 
on selection of IODP reef drilling sites 

P19. Karen L. Bice Numerical, theoretical and philosophical 
models of Central American seaway closure 

P20. Sreepat Jain and Laurel S. Collins 
 

Trends in Caribbean paleoproductivity related 
to the Neogene closure of the Central 
American seaway 

P21. Ellen E. Martin and Derrick R. 
Newkirk 

A Nd isotopic study of the Middle to Late 
Miocene carbonate crash 

P22. I. Delusina, L. C. Peterson and H. J. 
Spero 

Neotropical climate dynamic at the Late 
Glacial/Holocene transition recorded by pollen 
data of sediments from the Cariaco Basin, 
Caribbean 

P23. Nahysa Martinez Modern climate forcing of terrigenous 
deposition in the Cariaco Basin 

P24. Durin Linderholm, Gary Acton and 
Kenneth L. Verosub 

Paleomagnetic studies of ODP Hole 1002D in 
the Cariaco Basin 

P25. Richard H. Fluegeman The Early-Middle Eocene transition in the 
northwest Caribbean: Understanding the Early 
Eocene climatic optimum 
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Poster 1. Volcanic ashes from large volcanic eruptions in Central and South 
America and the Caribbean igneous basement 

Thor H. Hansteen1 (thansteen@ifm-geomar.de), Kaj Hoernle, Steffen Kutterolf, Armin Freundt, Paul van 
den Bogaard 

1IFM-GEOMAR and SFB 574, University of Kiel, Kiel, Germany 
 

We are interested in volcanic ash layers in Caribbean sediment sequences and in samples 
from the Caribbean igneous basement. Although most large eruptions in Costa Rica, Nicaragua, 
El Salvador and Guatemala have produced fallout deposits in the Pacific, volcanological analysis 
suggest that ashes from several events must have reached the Caribbean Sea rather than the 
Pacific. The thickness, age and chemistry of these ashes at a given location in the Caribbean can 
provide valuable information about the timing and size (extent) of large eruptions in Central 
America and are important for reconstructing the history of explosive volcanism in Central 
America. Samples from the Caribbean basement can help improve our understanding of the 
origin and duration of the Caribbean large igneous province (CLIP).  

During four research cruises (RV Meteor cruises M 54/2, M54/3, M66/3, and RV Sonne 
cruise SO 173/3), a total of 22 sediment cores including 174 ash layers were recovered in the 
Pacific off Costa Rica, Nicaragua, El Salvador and Guatemala. 56 ash layers can be correlated 
between cores, and thus represent marker horizons important for the determination of 
sedimentation rates and for estimation of the volcanogenic proportion of the sediments. So far 15 
of the major ash layers in the Pacific have been correlated with large eruptions, covering ages up 
to 300 ka. This ongoing work can be ideally complemented by sediment samples from the 
Caribbean Sea, and used to constrain the regional tectonic, geodynamic and geochemical 
evolution of the region.  

In conclusion, we are interested in carrying out volcanological (grain size analyses), 
geochemical (major and trace element and Sr-Nd-Pb-Hf isotopic analyses) and geochronological 
(Ar/Ar single crystal/particle and step heating analyses) on volcanic ash and igneous basement 
samples obatined from the Caribbean through coring and drilling. 
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Poster 2. Tectonics, earthquakes, and sedimentation in transform basins: An 
integrated approach for the Caribbean plate boundaries 

M.H. Cormier1, C.M.G. McHugh2,1, and L. Seeber1 
1Lamont-Doherty Earth Observatory of Columbia University, New York, New York 
2Queens College, City University of New York, Flushing, New York 

 
Basins that form along submerged transform plate boundaries (for example, Santa 

Barbara and Cariaco Basins) provide some of the best paleoclimatic records. Their sedimentation 
patterns are also influenced by seismo-tectonic activity. Typically, such basins are asymmetric, 
steep-sided, and flat-bottomed. Seismic profiles indicate thick turbiditic sequences tilted toward 
the bounding transform fault. Our results from investigating basins in the Marmara Sea suggest 
that deposition on their floors is dominated by a series of earthquake-related events. These 
include mass wasting and turbidites ponding in freshly subsided areas. Ground shaking will also 
resuspend sediments, and seiche triggered by the earthquake will further flatten the basin floor. 
Recent observations in Marmara Sea and Cariaco Basin also reveal active fluid seeps, which 
have been tied to seismotectonic activity. Widespread fluid venting might contribute 
significantly to the chemical signature of the sediments and water column in transform basins. 

An integrated approach that combines high-resolution geophysical surveying and a 
transect of short ODP cores can characterize the contribution of seismotectonic activity to the 
sedimentation in these transform basins. In the case of Cariaco Basin, this strategy would nicely 
complement the on-going paleoceanographic studies and would provide the needed base map for 
selecting future IODP sites. Most importantly, it would highlight the precise geometry of the 
fault system, the pathways for sediment transport, and the likely sources of fluid venting. In 
addition, it would provide the record of Holocene earthquakes, and therefore allow for a more 
reliable assessment of the seismic hazard facing coastal Venezuela. 
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Poster 3.  Strain partitioning within the CARIB —SOAM right-lateral strike slip 
PBZ 

Kevin Burke1, Armando Altamira1 (aaltamir@mail.uh.edu), Dale Bird1,2  
1Department of Geosciences, University of Houston, Houston, Texas 
2Bird Geophysical (www.birdgeo.com) 

 
Rotations among (NOAM)(AFR) (SOAM) and (CARIB) Plates for the past 60 My 

indicate dominant right-lateral transform motion with limited flower structural strain-partitioning 
involving  shortening (in thrusts) and extension (in pull-aparts)  within the CARIB-SOAM PBZ. 
Our model indicates that: From 60-45 Ma SOAM moved southward ca.200 km with respect to 
NOAM as CARIB squeezed into the Atlantic forcing the Yucatan and Grenada basins to open. 
Since 45 Ma CARIB has moved eastward carrying fragments of the Caribbean Great Arc that 
had struck the west coast of SOAM at ca.70 Ma and shearing the passive margin of SOAM in a 
ca.250 km wide right-lateral transform PBZ involving the thick continental lithosphere of SOAM 
and the thick oceanic plateau lithosphere of CARIB. Pull-aparts in the PBZ include the Falcon, 
Cariaco and Gulf of Paria basins. Flower structure thrusts outcrop within the Serrania del 
Interior, Vila de Cura, Araya-Paria Peninsula and the Northern Range of Trinidad. Some of the 
mountainous areas carried on these thrusts were the loads that generated the East Venezuelan ca. 
150 km wide foreland basin. This model requires: (1) Igneous and high P/T metamorphic ages in 
the thrust belts of Venezuela to have been acquired at or before ca. 70 Ma when the Great Arc of 
the Caribbean struck the west coast of SOAM; (2) Younger igneous ages in the northern part of 
the PBZ to represent fragments of the southern end of the Lesser Antillean arc dragged into the 
PBZ as the arc slid by; and (3) Deformation in the PBZ to have begun no earlier than the local 
time of passage of the southern end of the Lesser Antillean arc except in the Gulf of Paria region 
where halokinesis may have begun earlier. A radically different tectonic environment was 
generated in the western part of the PBZ when collision of the Panama arc at ca.7Ma caused 
shortening on the west coast of SOAM and 70 km of northward escape of the triangular 
Maracaibo prism bounded by the Bocono and Santa Marta strike-slip faults and by a deep 
lithospheric-scale thrust. Restoring the Maracaibo prism to its pre-7 Ma position places the Cuisa 
and Oca faults in their former locations within the CARIB-SOAM east-west trending PBZ. 
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Poster 4.  Subduction zone migration and polarity reversal along the Caribbean-
South American diffuse plate boundary at 64W 

 
SA Clark1, A Levander1, MB Magnani1, CA Zelt1, DS Sawyer1, HG Ave Lallemant1, and the BOLIVAR 
Working Group 

1Department of Earth Science, Rice University, Houston, Texas 
 

The BOLIVAR (Broadband Ocean-Land Investigation of Venezuela and the Antilles arc 
Region) project is an NSF funded, collaborative seismic experiment in the southeast Caribbean 
region. The purpose of the project is to characterize the diffuse plate boundary created by the 
oblique collision between the Caribbean and South American plates. Profile 64W, a 450 km-
long, N-S reflection/refraction seismic profile onshore and offshore Venezuela located at ~64°W 
longitude, images the deep crustal structures formed by this collision. The onshore portion of 
64W crosses the fold and thrust belt of the Serrania del Interior, which formed at ~16 Ma by 
collision of the Caribbean forearc with the northern South American passive margin. Underlying 
the Serrania del Interior is a south-vergent, remnant Lesser Antillean subduction zone. As this 
Lesser Antilles subduction impinged on continental crust, it caused a polarity reversal and jump 
offshore to the north. Convergence was initially localized in the inversion of the Grenada Basin. 
However, subduction could not develop because of the ~20-km-thick crust of the Aves Ridge; 
instead, north-vergent subduction initiated further to the north, where ~12-km-thick Caribbean 
oceanic crust of the Venezuela Basin began to subduct beneath the Aves Ridge in the Pliocene 
(~4 Ma) and may continue today. Between the remnant subduction zone and the modern one, the 
El Pilar and Coche dextral strike-slip faults accommodate most of the transform motion of the 
plate boundary. From the Serrania del Interior to the Aves Ridge, ~260 km of accreted orogenic 
float comprises the diffuse plate boundary. 
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Poster 5. Imaging the SE Caribbean accretionary boundary: Results from the 
BOLIVAR seismic reflection and refraction data at 65W and 67W 

M.Beatrice Magnani1, Colin A. Zelt, and Alan Levander 
1Center for Earthquake Research and Information, The University of Memphis, Memphis, Tennessee 

 
In the Spring of 2004 ~6000 km of marine reflection profiles were acquired as part of the 

BOLIVAR experiment (Broadband Ocean and Land Investigation of Venezuela and the Antilles 
arc Region). These profiles complement 169 OBS deployments along 5 transects, four ~200 km 
long offshore-onshore refraction profiles and seismic recording on several islands in the Leeward 
Antilles arc. Goals of BOLIVAR are to understand the complex history of the progressive 
oblique collision between the Leeward Antilles arc and South America that has taken place since 
the late Cretaceous, and to unravel the mechanisms responsible for continental growth of the 
South American continent through arc accretion. 

We describe two ~500 km, N-S, onshore-offshore profiles at approximately 65W and 
67W longitude, starting to the north in the Venezuela Basin, crossing the accretionary boundary 
and the El Pilar-San Sebastian right lateral strike-slip system and ending in the Venezuelan 
foreland basin. 

The profiles image the crustal and upper mantle architecture of the complex boundary 
between the collided Caribbean arc province, with a ~27 km thick crust, and the 40 km thick 
South American continental crust. The suture zone is presently occupied by the continental 
dextral strike-slip system of El Pilar-San Sebastian fault and is characterized by high crustal 
velocities detected in those areas where exhumed high-pressure rocks are observed at the surface 
(profile 67W). 

The two profiles, 200 km apart, are located in a unique position along the South 
America/Caribbean plate boundary as they lie astride a transfer zone between the Southern 
Caribbean Deformed Belt, where the Caribbean plate is subducting beneath South America and 
the eastern Venezuela foreland and modern Antilles volcanic arc, where the Caribbean plate 
overrides South America. Seismic data along profile 65W show that this area is characterized by 
a basement high, with little sediment coverage and velocities as high as 6.5-6.7 km/s at a depth 
of 8-10 km. The structure and motion across this apparent transfer zone are unknown. We 
propose that this feature developed during the…… and is a remnant structure that became 
inactive to accommodate the eastward motion of the Caribbean plate relative to the South 
American plate. We infer that a new transfer zone is presently developing to the east, connecting 
the eastward migrating oppositely dipping subduction systems. We suggest that this process of 
eastward migration provides the mechanisms by which portions of the island arc are 
progressively “captured” and accreted to the South American plate. 
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Poster 6.  Looking for evidence of Early Tertiary subduction along the northern 
Caribbean margin 

Giuseppina Kysar Mattietti1, John F. Lewis2 Michael R. Perfit3, James Mortensen4, Thomas 
Ullrich4, Richard Friedman4 

1George Mason University, Fairfax, Virginia 
2The George Washington University, Washington DC 
3University of Florida, Gainesville, Florida  
4University of British Columbia, Vancouver, Canada 

 
The Cayman Ridge and the Sierra Maestra (southeastern Cuba) define a very evident 

east-west striking lineament. Though prominent, these structures are poorly understood. Early 
Eocene volcaniclastic turbidites, drilled at the top of the Cayman and exposed in the central and 
western part of the Sierra Maestra, have prompted the suggestion that two structures may have 
been part of the same volcanic arc during the late Cretaceous-Paleogene. We undertook this 
study to look for evidence of a volcanic arc signature and a common timeline for the granitoids 
dredged from the Cayman ridge and the granitoids cropping out at the base of the Sierra Maestra. 

Our results show that the granitoids underlying the western Cayman Ridge have a distinct 
continental affinity. We found that the geochemical signature of the Sierra Maestra  igneous suite 
bears a considerable resemblance to oceanic settings, but not of a typical volcanic arc. There are 
no age determinations greater than 60.5 Ma for granitoid rocks in the Sierra Maestra, whereas no 
reliable dates younger than 62 Ma were recorded for the western Cayman Ridge granitoids. 

We conclude that the Cretaceous-early Paleocene history of the western Cayman Ridge 
differs significantly from that of the Sierra Maestra. We support the hypothesis that the deeper 
crustal rocks of the western Cayman Ridge are likely a rifted eastern extension of the northern 
marginal basement complex of the Chortis block, as was suggested previously. We postulate that 
the igneous activity of the Sierra Maestra is not representative of a subduction sequence, but still 
constitutes a significant portion of Paleogene submarine volcanism in the northern Caribbean.  

We are now in the process of investigating the geochemical affinity of granitoid rocks in 
neighboring structures to the Cayman Ridge and the Sierra Maestra (Haiti, Jamaica, Nicaragua 
Rise, etc.). We believe that drilling in the Cayman region will provide stronger constraints to the 
understanding of the northern Caribbean puzzle. 
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Poster 7. Late Miocene-Recent oblique subduction of the Bahama Platform 
beneath the northeastern corner of the Caribbean plate: Gateway 
opening, extreme subduction erosion, and earthquake and tsunami 
hazards 

Nancy R. Grindlay1 (grindlayn@uncw.edu) and Paul Mann2 (paulm@ig.utexas.edu) 
1Center for Marine Sciences, University of North Carolina - Wilmington, Wilmington, North Carolina 
2Institute for Geophysics, Jackson School of Geosciences, University of Texas, Austin, Texas  

 
The Late Miocene arrival of the Bahama Platform along the NE North America-

Caribbean plate boundary resulted in significant tectonic and paleoceanographic reorganization 
in the northeastern Caribbean. The time-transgressive, east to west collision of the platform 
along the northern Puerto Rico-Virgin Islands (PR-VI) margin resulted in: 1) transitory uplift 
associated with subduction of the bathymetric high; 2) detachment and large-scale rotation of the 
PR-VI microplate; 3) opening of the fault-bounded Anegada-Jungfern Passage separating the 
islands of the Greater and Lesser Antilles; and 4) rapid subsidence of the margin in the wake of 
the subducted Bahama platform.  

Paleoceanography. The Anegada-Jungfern Passage with a tectonically-maintained, 
maximum depth of 2300 m is one of two vital, deepwater gateways for water mass exchange of 
southern and northern hemisphere ocean circulation through the Caribbean. This proposal would 
exploit the thick, carbonate and clastic Neogene sections present along the margins of the 
Anegada-Jungfern Passage itself, the Puerto Rico trench in the Atlantic Ocean, and the Muertos 
trench in the Caribbean Sea. Drilling would combine both tectonic and paleoceanographic 
objectives:  

a) To refine timing constraints and paleobathymetric changes during late Cenozoic 
structural development of the Anegada-Jungfern Passage and adjacent PR-VI carbonate 
platform as a result of the Bahama collision and indentation and subsequent rotation of 
PR-VI microplate and their possible impact on Atlantic climate and ocean circulation;  

b) To determine the timing and extent of deep and Antarctic intermediate water changes 
within the passage and on the Atlantic and Caribbean sides and to test for possible links 
with regional climate changes occurring at the time of opening. 

c) To extend the high-resolution late Holocene record of NE Caribbean surface water back 
to interglacial time by careful study of long cores extracted from thick, Neogene sections.  

Tectonic processes. Previous work including IODP drilling has shown that basal 
subduction erosion is a difficult tectonic process to quantify yet the contribution of subduction 
erosion to geochemical recycling at subduction zones is thought to be significant. The northern 
PR-VI margin, including the southern slope of the Puerto Rico trench, is unique in that is 
characterized by Oligocene-Early Pliocene carbonate platform that allows for the reconstruction 
of both eustatically and tectonically-controlled sea-level changes. These thickly sedimented and 
richly fossiliferous tropical margins can be drilled to document the timing and paleobathymetric 
response of an extreme pulse of basal erosion caused by the Bahama platform that resulted in an 
immense (> 3.5 km) tectonically-induced subsidence of the margin. Moreover, the Mona Block, 
the present-day impact point of the Bahama Platform on the margin, represents the shallowest 
possibility of drilling (top of bank is 900 m BSL) through the subduction decollement and into 
the underlying asperity (subducted Bahama carbonate platform). The drilling objectives related 
to subduction erosion along the Puerto Rico trench would include:  
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a) To better understand the subsidence (rates and amounts) history of the margin and it’s 
relation to arrival of the Bahamas Platform (this would require a transect along the 
margin to document the time-transgressive nature and magnitude of subsidence). 

b) To better constrain volume loss through time of material involved in basal erosion along 
this margin. 

c) To better understand the ongoing processes of subduction erosion by direct sampling of 
the current site of underthrusting of the Mona block asperity. The Mona block is capped 
by a carbonate rocks that would provide a detailed record of its long-term vertical 
oscillations. 

Seismic and tsunami hazards to coastal populations in Puerto Rico and the Virgin 
Islands. Previous work has shown that this active tectonic setting has led to the creation of a 
highly unstable carbonate shelf edges marked by amphitheater-shaped collapse features. The 
repeat of such collapse events possibly triggered by large earthquakes could result in a human 
disaster at the scale of the 2004 Sumatra earthquake and tsunami. Shallow drilling through 
collapsed debris at the base of the amphitheater-shaped scarps could answer several important 
questions: 

a) What is the timing for the major collapses; are these large, single events or the results of 
many smaller, coalesced events? 

b) What are the volumes of single collapses and what size tsunamis can be constrained from 
these volumes? 

c) Based on improved quantification of past collapse and tsunami events, what level of 
preparation should the coastal population be assuming to safeguard itself from future 
events? 
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Poster 8. A new survey studies the Northeastern Caribbean plate: GEOPRICO-
DO Project 

J. L. Granja1 (jlgranja@geo.ucm.es), A. Carbó1, A. Muñoz-Martin1, M. Gómez2, D. Córdoba3, J. Martín 
Dávila4, U. ten Brink5, C. von Hilldebrandt6, J. Payero7 

1Grupo de Tectonofísica Aplicada, Departamento de Geodinámica, Universidad Complutense de Madrid, Madrid, Spain.  
2Instituto Español de Oceanográfico, Spain. 
3Departamento de Física de la Tierra, Astronomía y Astrofísica Instituto, Universidad Complutense de Madrid, Spain. 
4Real Observatorio de la Armada de San Fernando, Spain. 
5USGS —Woods Hole Oceanographic Institute 
6Puerto Rico Seismic Network  
7Instituto Sismológico Universitario-Universidad Autónoma de Santo Domingo, Dominican Republic 

 
The Northeastern Caribbean Plate Boundary Zone presents a complex and very active 

tectonics, where different processes interaction has been proposed. As consequence of this 
complex tectonic setting, nowadays there is not a regional model who could integrate all tectonic 
processes involved. All these processes and their high activity make this zone very inclined to 
suffer geologic risks. Therefore, there is a renewed interest in studying this boundary plate and 
for earthquake and tsunami hazard assessments. 

The Northeastern edge of Caribbean plate has been widely studied from 50’s. During last 
decades the surveys have mainly developed Northern Hispaniola and Puerto Rico islands (e.g. 
Puerto Rico Trench), whereas that the zone to the south has less coverage of information. 
Moreover, the seismic surveys only reach the first Km of the curst. During March and April, 
2005 marine geophysics cruise aboard the Spanish Research Vessel “Hespérides” Northeastern 
edge of the Caribbean plate has been carried out. The surveyed areas are situated Southern 
Hispaniola and Puerto Rico and Northeastern Puerto Rico and Virgin Islands. In this project 
(GEOPRICO-DO) has collaborated several institutions from Spain, EE.UU, Puerto Rico, 
Dominican Republic and British Virgin Islands. The input data acquired in the cruise involve a 
systematic survey of multibeam bathymetry, potential fields and high resolution seismic, 
multichannel reflection seismic profiles and deep seismic sounding profiles with record on land-
seismometers, and OBS. Besides, the OBS has remained seabed by constant record for six 
months until November 2005. Here, we present the current results form new data and the survey 
plan of a new proposed project. 
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Poster 9. The northern Caribbean plate boundary: High concentration of diverse 
plate tectonic processes 

Uri ten Brink 
USGS –Woods Hole Oceanographic Institute, Woods Hole, Massachusetts 

 
The northern Caribbean plate boundary, an island arc deformed by the interaction of 

oceanic and continental plates, is shaped by active and diverse tectonic processes. Among the 
tectonic processes that can be found in the northern Caribbean are very slow spreading and 
extreme extension (Cayman Trough), the development and arrest of continental transforms and 
their propagation to deep waters, subduction of thick oceanic(?) crust (Hispaniola trench), 
subduction of an old and possibly collapsed oceanic crust (Puerto Rico trench), arc-oceanic crust 
collision (south of Hispaniola), possible double-sided subduction (Muertos Trough), arc 
fragmentation (Greater Antilles), the interaction between arc deformation and subduction in 
oblique settings, and massive landslides (Puerto Rico trench). Comparison and contrasts between 
different settings are attainable in this area because its compact size assures that a similar 
regional stress regime and paleo-oceanographic conditions exist. The presence of coral banks, 
some of which exhibit vertical tectonic motions, help constrain the vertical rate of motion due to 
these processes. Easy accessibility, thin sedimentary cover, good weather, and well-constrained 
recent tectonic history make this area attractive for drilling. The above plate tectonic processes 
have also had profound effects on the opening and closing of oceanographic gateways between 
the Atlantic and the Caribbean/Pacific and on species dispersal. Earthquakes and tsunamis due to 
these processes have repeatedly impacted the large population concentrations in the various 
islands and are expected to continue to do so in the future. Recent work in this area will be 
presented and a few focus targets will be discussed.  
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Poster 10. Bering Sea gateways: Tectonically kindred and oceanographically connected to 
those of the Caribbean 

David W. Scholl (dscholl@pangea.stanford.edu) 
Department of Geophysics, Stanford University, Stanford, California 

 
In a similar oceanographic role as that of the Caribbean, but in a boreal rather than a 

tropical setting, the ocean margin basin of the Bering Sea includes a number of gateways that 
modulate the flow of water, both deep and shallow, between ocean basins. Similar also to the 
Caribbean, regional scale tectonism and arc growth have acted in a complicated way to open, 
shallow, deepen, close, and move the location of major input and output waterways to and from 
the Bering Sea. The major export gateway to the north is the Bering Strait, through which Pacific 
surface water of low salinity floods into the Arctic Ocean. The strait is ~50 m deep, and during 
glacially lowered sea level, was a land bridge. A significant fraction of the Arctic's freshwater 
budget is supplied via the Bering Strait. This flow-through impacts ice formation in the Arctic 
Basin and, farther to the south, where Bering waters mingles with more saline water directed 
northward by the Caribbean Loop Current-Gulf Stream pathway, dampens in the high north 
Atlantic the vigor of thermohaline formation of NADW. Caribbean and Bering gateways are 
oceanographically linked not only at the surface but also at depth because, via the “conveyor 
belt,” the exported NADW surfaces in the high north Pacific where it is diluted and exported to 
the Arctic. 

 A proposal of scientific drilling (#680) to resolve the marine and non-marine 
history of the Bering Strait and linked paleoclimatic record is presently moving through IODP's 
proposal reviewing process. 
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Poster 11. Indonesian seaway closure and the early history of the Western Pacific 
Warm Pool during the Middle to Late Miocene: Broader implications 
about tectonic gateways and changes in ocean circulation 

R. Mark Leckie1 and Stephen A. Nathan1 
1University of Massachusetts —Amherst, Amherst, Massachusetts 

 
The origin of the Western Pacific Warm Pool (WPWP) and Equatorial Undercurrent 

(EUC) are due to the constriction of Indonesian Throughflow and the piling up of warm waters 
in the western tropical Pacific by the Trade Winds. We present data documenting the on 
again/off again history of a “proto-warm pool” and EUC during the middle and late Miocene 
(~13.6-5.6 Ma) based on changes in planktic foraminiferal assemblages and multispecies stable 
isotope data from ODP Site 806 in the western equatorial Pacific (WEP). We hypothesize that 
the presence or absence of a proto-warm pool in the WEP, caused by the progressive tectonic 
constriction of the Indonesian Seaway and modulated by sea level fluctuations, created 
alternating El Niño/La Niña-like ocean-climate conditions and the general antithetical 
relationship observed between carbonate productivity and preservation in the western and eastern 
equatorial Pacific. 

Development of a proto-warm pool ~11.6-10.0 Ma coincides with ice sheet expansion 
(Miocene isotope events Mi5 and Mi6), a sea level fall of ~50 m, and production of Northern 
Component Water. It also marks the initiation of a more modern equatorial current system as La 
Niña-like conditions became established across the tropical Pacific. This situation may have 
sustained carbonate productivity in the eastern equatorial Pacific (EEP) at a time when carbonate 
preservation sharply declined in the Caribbean. Proto-warm pool weakening after ~9.8 Ma 
resulted in El Niño-like conditions with higher but variable productivity in the WEP and the 
nadir of the carbonate crash in the EEP. Was inter-basin circulation through both the Indonesian 
and Central American seaways modulated by sea level change in the early late Miocene? 
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Poster 12.  Distinguishing mechanisms of abrupt climate change in the geologic 
record of the last ice age 

Charles Jackson1, Olivier Marchal2, and Yurun Liu3 
1 Institute for Geophysics, Jackson School of Geosciences, University of Texas, Austin, Texas 
2USGS —Woods Hole Oceanographic Institute, Woods Hole, Massachusetts 
3Department of Physics, The University of Texas, Austin, Texas 

 
The almost systematic flips between warm and cold climates that occurred during the last 

ice age are seen pervasively through the geologic record of climate. Despite the wealth of 
evidence in support of the reality of these events, this data has not yielded the physical insights 
into how these events arise. What makes the interpretation of these events especially difficult are 
uncertainties that exist concerning the physics of climate, especially the processes that maintain 
the circulations within the ocean and the role of the atmosphere and ice sheets to affect those 
circulations. I focus here on the question of whether it is possible to use geologic records to 
distinguish between various hypotheses concerning physical processes governing vertical mixing 
in the ocean which is important to the stability of the meridional overturning circulation. 
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Poster 13. Verification of hurricane forecast skill improvements in models 

Isha M. Renta-López1 (isha.renta@gmail.com) and Vernon Morris1 and Mark Powell2 
1Graduate Program in Atmospheric Sciences, Howard University, Washington, DC 
2NOAA/OAR/Atlantic Oceanographic and Meteorological, Laboratory/Hurricane Research Division, Miami, Florida 

 
In the past decade, hurricane model forecast skill has improved as a result of better 

physical parameterizations and data assimilation schemes. Even with these improvements, the 
models still experience some lack of skill when forecasting specific aspects such as cyclogenesis, 
precipitation, surface winds, etc. Comparisons between model-predicted hurricane track and 
intensity, and official forecast have traditionally been used as the main verification of the 
performance of the models. This method does not provide an accurate means of assessing the 
model performance because it is evaluating the general performance of the model and not its 
dynamical structure. The objective of this study is to examine existing observational data sets, 
other than track and intensity, to evaluate the model performance and find better-quality 
indicators of forecast skill. A comparison between observations from different platforms (e.g. 
aircraft, satellite, weather stations, sondes, ships) and model output from the Geophysical Fluid 
Dynamics Laboratory (GFDL) model has been performed. The inner grid wind data at low levels 
are being brought to H*Wind, a global tropical cyclone observing system, to make the 
comparisons using error covariance estimation. Data from Hurricane Ivan in 2004 is used to 
provide an insight of the model efficiency for models currently in use and slated for operational 
implementation by the National Weather Service (NWS). 
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Poster 14.  Assessing the Caribbean thermocline ventilation and its role in global 
climate 

Brad E. Rosenheim (brosenheim@whoi.edu) 
Department of Geology and Geophysics, USGS —Woods Hole Oceanographic Institute, Woods Hole, Massachusetts 

 
The Caribbean Sea is ventilated by subtropical waters from both the N. Atlantic and the 

S. Atlantic, the proportion of which compensates the amount of N. Atlantic Deep Water 
(NADW) transported across the equator by the thermohaline circulation (THC). Recent 
modeling, observational and paleoceanographic reconstruction efforts have suggested important 
interactions between the N. Atlantic tropical thermocline ventilation and the THC. Quite simple 
models have captured compensating interaction between the shallow convection cell in the 
subtropics that ventilates the thermocline and the deeper THC that is prominent in the earth’s 
distribution of heat from the tropics to the high latitudes. Interaction between both of these heat 
engines can occur on decadal to millennial time scales. Observations support recent 
compensation of THC weakening by strengthening the tropical thermocline ventilation, as 
instrumental records indicate freshening high latitudes, increasing salinity in the subtropics, and 
increasing overturn in the gyre recirculation of the N. Atlantic during the last few decades of 
increased heat retention in the atmosphere. Surface and shallow subsurface proxy data from 
corals and sclerosponges have added valuable time resolution to observational records and 
shown similar variation in the thermocline ventilation over the last century. Questions persist 
along many lines, including whether fluctuations of thermocline ventilation have played a role in 
the global climate during glacial/interglacial transitions, whether such changes are causally 
related to THC and/or S. American monsoon variations of the past, and whether fluctuation in 
the thermocline ventilation can account for relative Ice Age climate instability. The Caribbean 
Sea may very well provide answers for such questions as the sedimentation of basins within is 
explored and as paleoceanographers utilize high-resolution analysis techniques. 
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Poster 15.  10Be stratigraphy of the Caribbean gateway 

Kyeong J. Kim1 (kkim@email.arizona.edu), A. J. Timothy Jull1, and Lanny R. McHargue  
1NSF Arizona AMS Laboratory, University of Arizona, Tucson, Arizona 

 
After production in the upper atmosphere, 10Be is transported through the sea and is 

sequestered within marine sediments. Ideally, a record of the production rate of 10Be can be 
obtained from its measurement from these sediments. However, the concentrations of 10Be in 
sediment cores are also influenced by processes that also influence sediment deposition such as 
climate. During its transport through the hydrologic cycle terrigenous 9Be will mix to a varying 
degree with 10Be. Consequently, the 10Be/9Be ratio will also vary and this variation due to mixing 
is useful because it can be used as a tool to study climate and sediment transport. For example, 
over the interglacial/glacial climatic cycles of the late Pleistocene, higher sedimentation rates are 
indicated during glacial periods due to a large influx of terrestrial sediment with low 10Be/9Be 
ratios. On the other hand, during interglacial periods there is a larger contribution of 
atmospheric, or oceanic, 10Be resulting in higher 10Be/9Be ratios (A. Aldahan et al., 1997). 
Furthermore, McHargue and Donahue, 2005 showed a strong correlation between 10Be and δ18O 
for MIS stages 2 to 6. Application of these beryllium isotopes to problems in the Caribbean Sea 
will be useful particularly in extracting the effects of climate on the origins, transport, and 
deposition of sediment throughout the Caribbean basin. In addition, radiocarbon dating, in 
conjunction with δ13C and δ18O, will help us to time the episodes of marine transgressions and 
glaciations. 
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Poster 16. What are the relationships between salinity and δ18Ow: The Caribbean 
as an example 

Peter K. Swart1 (pswart@rsmas.miami.edu), William Curry2, Ralph Mead1, and Larry Peterson1 
(lpeterson@rsmas.miami.edu) 

1MGG/RSMAS, Miami, Florida 
2USGS —Woods Hole Oceanographic Institute, Woods Hole, Massachusetts 

 
It is now being increasingly realized that changes in the salinity of the North Atlantic can 

significantly affect the formation of North Atlantic Deep Water (NADW) and hence influence 
climate. Changes in the production of NADW are known to have taken place during the last 
glacial period perhaps leading to large changes in global climate. Even smaller recent changes in 
salinity have been speculated to be causative in reduction in the formation of NADW, leading to 
the reduction in the slowing of Atlantic meridonial overturning by 30% between 1957 and 2004. 
As past geological record interpretations of changes in salinity are read using δ18O in skeletons, 
it is vital to understand the relationship between δ18O and salinity in water. Variations can arise 
as a result of (i) input of freshwater with varying δ18O, and (ii) the evaporation. Although the 
competing influences cannot be separated using δ18O alone, they are easily identifiable using a 
the δ18O and δD of the water. Simply this method relies on the fact that the δ18Ow and δDw of 
organisms growing in waters which are driven by mixing with freshwater lying parallel or close 
to the meteoric water line (MWL), while samples forming in waters which are evaporative lie on 
lines deviating from the MWL. The Caribbean is ideally positioned to study the competing 
influences of evaporation and dilution upon the relationship between δ18Ow: and salinity. A new 
coring program will enable us to obtain cores in the appropriate locations. 
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Poster 17. Iron deposits in the Atlantic and Caribbean and their relationship to 
climate 

Sean Sullivan (sullivansmi@mail.utexas.edu) 
Bureau of Economic Geology, Jackson School of Geosciences, University of Texas, Austin, Texas 

 
In bathyal and abyssal zones of the NW Atlantic, a shallow Fe-rich crust marks the end of 

the Last Glacial Maximum when sedimentation rates decreased due to rising sea levels. On the 
continental shelf break of northern and eastern South America, lower sedimentation rates led to 
deposition of a variety of Fe-rich minerals including those associated with the glaucony, verdine, 
and oolitic ironstone facies. These shelf sediments and the deposits above the Fe-rich crust 
contain high amounts of calcium carbonate, dominated by foraminifera tests. While the low-
latitude NW Atlantic and Caribbean Sea are not categorized as high nutrient, low chlorophyll 
regions, due to the delivery of iron to the oceans via the Orinoco and Amazon Rivers, the 
relationship between these iron deposits, sea level, and the concentration of foraminifera may 
indicate that the presence of iron does affect primary productivity. In the future, isotopic studies 
of these iron minerals will be carried out to determine their relationship to climate. Moving back 
in time, before the closing of the Panama Isthmus when the gateway between the Atlantic and 
Pacific was still open and when the northward flowing proto-Orinoco drained most of the South 
American continent, high amounts of dissolved and particulate iron would have been delivered 
directly to the Caribbean Sea. Deposits similar to those found in the modern Atlantic and 
Caribbean Sea are known to occur in Columbia, such as the Miocene Paz de Rio oolitic iron ore. 
The presence of a point iron source close to the equatorial Pacific and the possibility of 
interaction between upwelling nutrients originating from the Pacific could have increased 
phytoplankton blooms and therefore influenced global climate. Locating Fe-rich crusts and other 
iron-rich minerals during deep-sea drilling could provide insight not only to past climates, but 
also to paleoceanographic conditions. 
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Poster 18.  Florida to Barbados drilling transect of drowned coral reefs for 
Pleistocene sea level and paleoclimate reconstructions: An IODP 
proposal 

Richard G. Fairbanks1 (fairbanks@LDEO.columbia.edu), Gerold Wefer2 (gwefer@allgeo.uni-bremen.de), 
Richard E. Dodge3 (dodge@nova.edu), Dennis Hubbard4 (dennis.hubbard@oberlin.edu), and W. Richard 
Peltier5 (peltier@atmosp.physics.utoronto.ca) 

1Lamont-Doherty Earth Observatory, Palisades, New York 
2Universität Bremen, FB Geowissenschaften, Bremen, Germany  
3Oceanographic Center, Nova Southeastern University, Dania Beach, Florida 
4Department of Geology, Oberlin College, Oberlin, Ohio 
5Department of Physics, University of Toronto, Toronto Ontario, Canada 

 
Drowned reefs imaged via multi-beam, LIDAR and multi-channel seismic can be found 

offshore Florida and Barbados and many islands in between. At least some of these drowned 
reefs are constructional coral reefs dominated by the reef-crest species Acropora palmata that 
apparently kept up with rising sea level during the last deglaciation. Episodes of very rapid sea 
level rise known as Melt Water Pulse 1A (MWP1A) and Melt Water Pulse 1B (MWP1B) 
drowned any growing reefs thereby leaving behind submerged terraces at approximately 90 
meters and 60 meters water depths at many islands along our Florida to Barbados transect. Due 
to its shallow water depth, the Acropora palmata reef crest facies provides one of the very best 
sea level indicators available for Pleistocene reconstructions. A suite of relative sea level curves 
of comparable quality from the Florida platform to small volcanic islands in the Caribbean to the 
Barbados accretionary prism will provide fundamental tests of the various sea level models. 
Furthermore, the reef ecologic responses to rising and stable sea levels can be studied at these 
dramatically contrasting sites along this north-south transect. The oxygen isotope chemistry of 
Acropora is one of the best documented and best calibrated paleothermometers. The north-south 
transect offers an opportunity to estimate the changing temperatures and temperature gradients 
over the deglacial period and offer insights into the role of the tropics in regulating global 
climate change. Occasional coral heads cored along the north-south transect can be used to 
assess the season temperature record and possibly seasonal salinity history in the Caribbean. 
Samples collected from the proposed coring site can also contribute to the 230Th/234U/238U 
radiocarbon calibration curve. One of the newest sea level discoveries is the possibility that the 
last glacial lowstand may have hovered within +/-10 meters of -120 meters sea level from 18,000 
to 27,000 yrs. BP, in other words, the glacial lowstand lasted much longer than previously 
estimated. The glacial lowstand reef is prominent in Barbados and is present at other island sites, 
as well. The last glacial lowstand, deglacial, and marine isotope stage 3 interstadial drilling target 
reefs will be illustrated from surveys offshore Florida, Puerto Rico, Cuba, Haiti/Dominican 
Republic, St. Croix, British Virgin Islands, and Barbados. Scheduled use of the Bremen-designed 
underwater wireline drill system at glacial lowstand targets offshore Barbados will be presented 
as Phase 1 of the Caribbean drilling transect. 
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Poster 19.  Consideration of the role of vertical tectonics on selection of IODP reef 
drilling sites 

Frederick W. Taylor1 (fred@ig.utexas.edu), James A. Austin1 (jamie@ig.utexas.edu), Terrence M. Quinn2 
(quinn@ig.utexas.edu) 

1Institute for Geophysics, Jackson School of Geosciences, University of Texas, Austin, Texas 
2College of Marine Science, University of South Florida, St. Petersburg, Florida 

 
It is widely recognized that selection of coral reef drilling sites for recovering paleosea 

level and paleoclimate records is critical for quantitative paleosea-level estimates. Consequently, 
there is a natural aversion to sites that are affected by vertical tectonics because this potentially 
increases error in paleosea-level estimates. However, tectonically stable sites rarely offer an ideal 
substrate on which to hang coral reef deposits representing the past few 100 ky of sea-level 
change. The problem is that when sea level repeatedly rises and falls over a 150 m (vertical) 
interval of substrate, the nature of reef growth is such that the new reef morphology rapidly 
evolves to become a vertical wall on which little if any subsequent reef can be attached. In 
contrast, tectonic uplift such as occurs at Barbados constantly brings fresh, gently sloping 
substrate into the lower limit of the photic zone on which the record of sea level change can be 
inscribed. Uplifting sites offer opportunities to sample much of sea-level history. But subsiding 
substrates also may offer some advantages. Subsiding sites earned a poor reputation because 
drilling on the classic Pacific atolls penetrated only the high stand parts of interglacial reefs. 
Those substrates subsided so slowly (~0.1 mm/yr) that little accommodation space was created 
between interglacial highstands and meteoric diagenesis badly altered fossil corals that spent 
most of their history well above prevailing paleosea levels. However, much more rapidly 
subsiding substrates do exist and have the potential to have produced a quite different 
stratigraphy. For example, if the subsidence rate is ~1 mm/yr then >100 m of accommodation 
space would have been created over a reef since the last interglacial. Depending on the 
subsidence rate and reef growth rates, reef strata representing many MIS stage 2-5 details could 
be stacked in vertical succession on such subsiding substrates. Preservation is likely to be 
superior thanks to less exposure to meteoric diagenesis. One of our challenges may be to make 
vertical tectonics work for rather than against us as we consider Caribbean coral reef drilling 
sites.  
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Poster 20.  Numerical, theoretical and philosophical models of Central American 
seaway closure 

 
Karen L. Bice (kbice@whoi.edu) 

Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, 
www.whoi.edu/science/GG/people/kbice/home_links.html 

 
Closure of the Central American Seaway (CAS) is an attractive subject for numerical 

model experiments because dramatic results can be expected comparing systems with open and 
closed tropical gateways. However, the results of published model studies vary on the details of 
seaway control on the strength of North Atlantic meridional overturning circulation, or North 
Atlantic Deep Water (NADW) production. Differences among the models most likely result 
from the extreme sensitivity of ocean models to relatively subtle differences in paleogeography 
and atmospheric forcings. Single variable numerical model sensitivity experiments can therefore 
be used most reliably to define the relative sense of change in paleoceanographic parameters 
given a specified change in geologic or atmospheric boundary condition. More accurate 
estimates of the absolute values of oceanographic parameters come from sediment multiple 
proxy studies. 

A current challenge to the Caribbean paleoceanographic community is to better 
understand changes in the North Atlantic overturning associated with CAS restriction and 
closure as a model for potential future controls on Atlantic thermohaline circulation during a 
warmer climate. Much of the Caribbean paleoceanographic literature, after all, can be restated as 
questions such as: Which is the primary control on northern hemisphere ice volume - 
temperature or moisture supply? In the control of high latitude North Atlantic and Arctic 
temperature, what is the balance among radiative forcing, oceanic and atmospheric heat transport 
and albedo? Is NADW formation dependent on a Gulf Stream salinity threshold? If so, what is 
it? In the control of Labrador and Norwegian-Greenland Sea salinity, what is the balance among 
Gulf Stream salinity, high latitude precipitation and continental runoff, and brine rejection during 
sea ice formation? These questions have profound societal relevance and the Caribbean 
paleoceanographic community should seek quantitative answers, with a strong dependence on 
multiple proxy data records. 
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Poster 21.  Trends in Caribbean paleoproductivity related to the Neogene closure 
of the Central American seaway 

Sreepat Jain1 (sreepatjain@yahoo.com) and Laurel S. Collins1 (collinsl@fiu.edu) 
1Department of Earth Sciences, Florida International University, Miami, Florida 

 
In this contribution, we test the hypothesis that the late Miocene and early Pliocene 

constriction and closure of the Central American Seaway (CAS), that connected tropical Atlantic 
and East Equatorial Pacific (EEP) waters, caused primary paleoproductivity in the Caribbean to 
decrease. Decreased coastal upwelling and increased oligotrophy in the Caribbean are 
predictions of decreased Caribbean circulation caused by seaway closure and an end to the 
connection with high-productivity tropical Pacific waters. Here, paleoproductivity changes in the 
Caribbean and EEP are compared for the interval 8.25-2.5 Ma. For this, 47 samples of benthic 
foraminifera (>63µm) from the southern Caribbean ODP Site 999 were compared with 
previously published data from Pacific DSDP Site 503 and of stable isotopes of carbon from 
benthic foraminfera and % sand fraction from ODP Site 999. The following proxies [relative 
abundances of selected benthic foraminiferal species representing high flux (eutrophic), low flux 
(oligotrophic) and widely varying flux (mesotrophic) of organic matter to the seafloor, the 
relative abundance ratio of infaunal/epifaunal species and benthic foraminifer accumulation 
rates] were analyzed to assess paleoproductivity changes in the Caribbean. Current velocity, 
Corrosiveness/Oligotrophy, Dissolution and Ventilation are deciphered respectively by the 
relative abundances of Cibicides wuellerstorfi, Nuttalides umbonifera, percent sand faction (to 
eliminate this as a cause for perceived changes) and stable isotopes of carbon from benthic 
foraminfera. 

Analysis of our data, based on changes observed in the above five groups, supports the 
hypothesis that late Miocene and early Pliocene constriction (7.9 Ma) and closure (4.2 Ma) of the 
CAS caused primary paleoproductivity in the Caribbean to decrease to oligotrophic levels, 
consistent with probable decreased coastal upwelling and circulation. 



Final report of the JOI workshop 

 –A39– 

Poster 22.  A Nd isotopic study of the Middle to Late Miocene carbonate crash 

Ellen E. Martin1 (eemartin@ufl.edu) and Derrick R. Newkirk1 (drnewk@ufl.edu) 
1Department of Geological Sciences, University of Florida, Gainesville, Florida 

 
Variations in carbonate preservation in the Caribbean during the middle to late Miocene 

have been attributed to the relative fluxes of northern vs. southern intermediate waters 
overflowing Caribbean sills. Roth et al. (2000) proposed that times of enhanced NADW 
production coincided with diminished NAIW, resulting in more corrosive AAIW entering the 
Caribbean and the “carbonate crash” intervals. Our goal is to use Nd isotopes preserved in fossil 
fish teeth, which are quasi-conservative tracers for water mass composition, to test whether 
dissolution intervals coincide with εNd values typical of AAIW (-8), while intervals of higher 
carbonate preservation coincide with εNd values typical of NAIW (-10).  

Initial results from ODP site 999 illustrate that Nd isotopic values in the Caribbean from 
13 to 9.5 Ma range from –6.4 to –1.8. These values are much more radiogenic than any water 
mass entering the basin and, unfortunately, imply that the isotopic signal in the Caribbean is 
strongly overprinted by local ash and weathering inputs. Assuming that the local endmember 
isotopic composition is relatively constant (although the flux may not be), the wide range of 
values observed may still record variations in water mass composition. In a general sense, the Nd 
isotopes recorded during low carbonate accumulation intervals appear to be less radiogenic than 
those preserved during high carbonate accumulation intervals, which is inconsistent with 
predictions based on the model by Roth et al. (2000). Future plans include isotopic analyses of 
bulk sediment, additional work in the Caribbean, and work at proximal locations. 

 
Roth, Droxler, and Kameo, 2000, ODP, Sci. Res., 165, 249-273. 
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paleoceanography of the Caribbean Sea 

G.Y. Ojeda1, D.A. Rincón 2, V. Torres 2 (vladimir.torres@ecopetrol.com.co), C. Jaramillo 3 
1Geophysic Research Team, Instituto Colombiano del Petróleo, Colombia 
2Biostratigraphy Team, Instituto Colombiano del Petróleo, Colombia 
3Center for Tropical Paleoecology and Archaeology, Smithsonian Tropical Research Institute, Panama 

 
The Magdalena River is known to be the one with the largest sediment yield in South 

America (560 x 106 ton km-2 yr-1), and discharges directly into the Caribbean Sea (Restrepo et 
al., 2005). Data from ODP site 999, located some 460 km off the river mouth, show that the river 
has been the source of the terrigenous fraction flowing into that drill site, at least since the Late 
Miocene (Sirgudsson et al., 1996; Mora, 2005), suggesting that the Magdalena River has 
controlled sedimentation in the South Caribbean during the Neogene. Therefore, a 
thorough understanding of Magdalena Fan evolution is of overriding global importance to assess 
paleoceanographic changes and constrains before, during and after the closure of the Central 
America seaway. In addition, the Magdalena fan is an exceptional geological data repository of 
(1) The construction of the major North Andean topography; (2) Neogene tectonic events 
affecting the South Caribbean; (3) Climatic controls on erosion of northern South America; and 
(4) The intensity of volcanism in Central America and northern South America. We therefore 
nominate the Magdalena fan as a candidate for ocean drilling by IODP. 
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Poster 24. Neotropical climate dynamics at the Late Glacial/Holocene transition 
recorded by pollen data from sediments of the Cariaco Basin, 
Caribbean 

I. Delusina1 (delusina@geology.ucdavis.edu), L. C. Peterson2 (lpeterson@rsmas.miami.edu), H. J. Spero1 
1Department of Geology, University of California-Davis, Davis, California 
2Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, Florida 

 
The palynological data of a deep marine sediment core from the anoxic Cariaco Basin, 

off the coast of Venezuela indicates unique pollen assemblages which mirror the complex 
altitudinal zonation of coastal vegetation and its dynamics. The Cariaco Basin acts as a natural 
sediment trap for rapidly accumulating sediments of marine and terrestrial origin and provides 
the chance to compare both signals. The pollen analyses encompass the interval from 3 to 12 m 
in core MD03-2620, cover the Late Glacial / BØ-Ǻl transition, Younger Dryas and the beginning 
of the Preboreal. The data indicate the abrupt changes in dryness/wetness conditions as well as 
cooling/warming. The correlation of pollen data with percentage of sediments Lightness, oxygen 
isotopes, Titanium/Iron concentration of other Cariaco basin cores, as well as comparison of our 
data with vascular plant signals, shows that the increasing of pollen productivity might be 
dictated not by warming, but increasing discharge of terrigenouse material from the continent. 
The relative constancy in pollen assemblages and the graduate changing of percentage of 
counted palynomorphs, speaks to altitudinal reconstruction of vegetation. Thus, the Montana rain 
forest prevail over deciduous Montana forest or Paramo elements during the BØlling-Ållerod 
time, but didn’t replace them. At the end of LGM and the middle of Younger Dryas time, and 
became seasonally dry forest. At the end of Heinrich event (ca 15,500 cal B.P.) the deepest offset 
of vegetation corresponds to the other dry episode, correlated with the lakes-level drop in 
northern South America and hiatuses of terrestrial sedimentation. Overall, the Neotropical region 
wasn’t affected by the dramatic cooling at the time of cold North-Atlantic episodes as Younger 
Dryas, but indicates sufficient dryness. 
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Poster 25. Modern climate forcing of terrigenous deposition  
in the Cariaco Basin 

Nahysa Martinez (nahysa@bu.edu) 
Department of Earth Sciences, Boston University, Boston, Massachusetts 

 
Sediments from the Cariaco Basin constitute an important record of Quaternary tropical 

climate. One approach to deciphering this paleoclimate record has been to study the composition 
of terrigenous material in order to infer changes in hydrologic and atmospheric conditions. 
However, modern observations are crucial for constraining past climate change. Based on 
inorganic geochemical proxies, we show that seasonal variations in the chemistry of terrigenous 
input are a sensitive monitor of the annual meridional migration of the Intertropical Convergence 
Zone in this region. However, seasonal terrigenous abundances are decoupled from terrigenous 
flux variations showing that abundances are not directly related to terrigenous delivery. 
Multivariate statistics indicates that mixing between local fluvial sediments, fluvial or eolian 
mafic material, and Saharan dust can best explain the observed seasonality. These modern 
signals agree with those from the Holocene and yet appear to be opposite in sign to those 
occurring during longer Pleistocene glacial-interglacial cycles. Furthermore, significantly smaller 
modern seasonal variations, with respect to those observed in the glacial-interglacial record, 
indicate that climate sensitivity at the two time scales is very different.  
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Poster 26.  Paleomagnetic studies of ODP Hole 1002D in the Cariaco Basin 

Durin Linderholm1, Gary Acton1 and Kenneth L. Verosub1 (verosub@geology.ucdavis.edu) 
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The Cariaco Basin provides an unusually well-preserved paleoclimate record covering 

the southern equatorial Caribbean Sea and equatorial South America, and this record has been 
extensively studied using a variety of techniques. One aspect of the sedimentary record that has 
received little attention is the paleomagnetic record. Here we provide preliminary results from an 
investigation of the magnetic properties and paleomagnetic record from ODP Hole 1002D, 
located in the “saddle” of the Cariaco Basin. The sedimentary interval studied, from 3-25 meters 
below sea floor, represents the period from 8-58 ka based on carbon dating of foraminifera. One 
reason extensive paleomagnetic studies of these sediments have not been done in the past is that 
in various intervals, the intensity of the natural remanent magnetization has been significantly 
reduced, presumably due to iron reduction under anoxic conditions. Although previous 
researchers have concluded that this magnetic diagenesis has made the record unsuitable for 
paleomagnetic studies, we have found that an interesting record of geomagnetic field behavior is 
still recoverable. Our examination of how the magnetic field is recorded in the sediments of the 
Cariaco Basin, and how variations in diagenesis and sediment input affect the magnetic record, is 
ongoing. However, preliminary results suggest at least three different magnetic “regimes” 
characterized by differences in magnetic intensity, S ratios, and other magnetic descriptors. 
These regimes are most likely the result of varying climatic/environmental conditions, most 
notably variation in terrigenous input and oscillations between oxic and anoxic conditions 
throughout the basin. 
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Understanding the early Eocene climatic optimum 

Richard H. Fluegeman (rfluegem@bsu.edu) 
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The Early Eocene Climatic Optimum (EECO) represents a 2 million year (52-50 Ma) 

interval of maximum warmth during the late Ypresian stage. The EECO came to an end in the 
latest Ypresian with the initiation of an extended period (17 million year) of decreasing 
temperatures culminating the Oi-1 glacial event in the early Oligocene. While this pattern of 
changing paleotemperatures has been well documented, little attention has been focused on the 
transition from the EECO to the middle Eocene cooling. 

A section of early to middle Eocene age chalks of the Universidad Group in northwestern 
Cuba was sampled to obtain an oxygen isotope curve through the end of the EECO. Results 
obtained from the planktonic foraminiferan Acarinina pentacamerata show widely fluctuating 
values during the EECO with the development of cooler, stable conditions into the middle 
Eocene. More complete results were limited by a lack of continuous exposures in Cuba. A 
similar exposure problem exists in the Rio Sambre valley of Jamaica. A nearly complete section 
of the early-middle Eocene transition was recovered at ODP site 998 but the high degree of 
lithification of the section makes isotope analysis problematic. 

The northwestern Caribbean is an excellent place to study the paleoclimatic and 
paleoceanographic changes associated with the early to middle Eocene transition. Relative 
stability of regions such as the Yucatan Basin during the Paleogene make recovery of continuous 
Paleogene sections likely. Future scientific drilling in the northwestern Caribbean should further 
our understanding of Caribbean paleoceanography and its link to changing climates. 


