
tration for Ta = 10" when 6 2 O(10). In the 
case of the jovian atmosphere, if we take 
Ta = 1012 for Jupiter (9),we obtain 6 = 100. 

Teleconvection may have important impli- 
cations for the dynamics of planetary and stellar 
atmospheres and interiors. According to the 
structural models of Jupiter by Guillot et al. (I), 
regions in the outer part of Jupiter's atmosphere 
may be stable against convection. Although 
Earth's liquid core is convectively unstable to 
convection [e.g., (5, 6, 17, 21)] and generates a 
magnetic field, the outermost part of Earth's 
core may be stably stratified [e.g., (22)l. Our 
findings suggest that the flows observed on 
Jupiter (23, 24) or the core flows near Earth's 
core-mantle boundary inferred from geomag- 
netic observations may be driven by thermal 
forcing in inner unstable regions rather than by 
thermal forcing at the sites of the motions them- 
selves. Generally speaking, whenever a convec- 
tive system is characterized by rapid rotation, 
low viscosity, and spherical geometry, telecon- 
vection can occur. Convective fluid motions 
observed on an outer spherical surface may be 
driven by a deep energy source. 
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Rapid Changes in the Hydrologic 

Cycle of the Tropical Atlantic 


During the Last Glacial 

Larry C. Peterson,'* Gerald H. Haug,' Konrad A. H ~ g h e n , ~  

Ursula Roh14 

Sedimentary t ime series of color reflectance and major element chemistry from 
the anoxic Cariaco Basin off the coast of northern Venezuela record large and 
abrupt shifts in  the hydrologic cycle of the tropical Atlantic during the past 
90,000 years. Marine productivity maxima and increased precipitation and 
riverine discharge from northern South America are closely linked t o  interstadial 
(warm) climate events of marine isotope stage 3, as recorded in  Greenland ice 
cores. Increased precipitation at  this latitude during interstadials suggests the 
potential for greater moisture export from the Atlantic t o  Pacific, which could 
have affected the salinity balance of the Atlantic and increased thermohaline 
heat transport t o  high northern latitudes. This supports the notion that tropical 
feedbacks played an important role in  modulating global climate during the 
last glacial period. 

Large millennial-scale air temperature oscil- 
lations first observed in the oxygen isotopic 
composition (6180) of Greenland ice reflect 
massive reorganizations of the atmosphere- 
ocean system during the last glacial period 
(I).A growing number of records show that 
their importance was global in scope (2). In 
the search for mechanisms, attention has in- 
creasingly focused on the tropics because of 
their potential to alter the oceanic balance of 
heat and fresh water, in addition to their role 
as a source of water vapor to the atmosphere 
(3). Although precise documentation of 
changing tropical hydrologies is critical to 
furthering our understanding of rapid climate 
variations, only a few locations around the 
world provide appropriate recorders. Here, 
we present a multiproxy sediment record of 
subcentennial resolution that is interpreted to 
reflect variations in ocean productivity and 
precipitation patterns over northern South 
America during the past 90,000 years (90 ky). 

The Cariaco Basin is located in a region 
that is highly sensitive to climate change. 
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Today, upwelling of cold nutrient-rich waters 
occurs along the northern Venezuelan coast 
in response to trade wind changes that ac-
company the seasonal m~gration of the Inter- 
tropical Convergence Zone (ITCZ). The 
movement of the ITCZ also imposes a wet 
and dry season on the region, with rainfall 
variations affecting rivers that deliver terrig- 
enous sediment and nutrients to the western 
North Atlantic and southern Caribbean. Cari- 
aco Basin sediments record a history of this 
upwelling and riverine runoff (4-6) and of- 
fer the opportunity to reconstruct past chang- 
es in the tropical ocean and atmosphere and 
in the hydrologic balance over northern South 
America. 

We report results from Ocean Drilling 
Program (ODP) Site 1002 (10°42.73'N, 
65"10.18'W), drilled at a water depth of 
893 m In the basln. The 170-m sediment 
sequence is continuous and spans the time 
interval from 0 to -580,000 years ago (580 
ka) (7); only data from the uppermost 36 m 
of Hole 1002C, spanning the period from 0 to 
90 ka, are presented here. Terrigenous com- 
ponents compose a large fract~on of the sed- 
iments (35 to 90 weight %) (7) because of the 
proximity to the South American margin, 
with variable contributions from nannofos- 
sils, foraminifers, diatoms, and pteropods. 
High sedimentation rates (averaging 40 cm/ 
ky) result in an important tropical counterpart 
to high-latitude ice cores for the study of 
rapid climate change. 
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Much of Site 1002 is visibly laminated 
and devoid of benthic microfauna, indicating 
deposition under anoxic conditions. Howev- 
er, subsurface intervals showing evidence of 
bioturbation and containing benthic forarnin- 
ifers testify to past oscillations between oxic 
and anoxic conditions in the deep basin (7). 
These oscillations are reflected in sediment 
color, with laminated intervals appearing as 
dark green and bioturbated intervals appear- 
ing as a light green or yellowish brown. 

Measurements of reflectance (8) in the 
"geen'' wavelength (550 nrn) provide a more 
quantitative view of sediment color (Fig. 1) and 
reveal a striking resemblance to air temperature 
variations over Greenland as inferred by S1'O 
in the Greenland Ice Sheet Project (GISP) II ice 
core (9). At Site 1002, we used marine isotope 
stages (MISS) identified from foraminifera1 
Sl8O (7), together with 39 accelerator mass 
spectrometry (AMS) 14C dates of the forarnin- 
ifer Globigerina bulloides (10, 11) to construct 
a calendar age model that allowed initial corre- 
lation of common events in the two records. We 
then fine-tuned the Cariaco chronology to GISP 
11 6180 by visually matching common inflec- 
tion points and interpolating in between. Over 
the range of radiocarbon control, the age differ- 
ences between the 14C-based age model and the 
tuned age model are within the range of the 

combined uncertainties of the separate GISP II 
and calibrated 14C age estimates. Because of 
this observation and the uncertainties in radio- 
carbon calibrations before 15 ka, we opted to 
use the GISP II-based model in this work 
Confidence in this approach also comes from 
earlier work that has demonstrated that gray- 
scale variations during the last deglaciation in 
Cariaco cores can be confidently matched to, 
and are synchronous with, ice core 6180 chang- 
es at the subdecadal level (5). 

Although the sharp color change accom- 
panying the redox transition at 14.5 ka (12.6 
ka in radiocarbon years) and variations within 
MIS 1 have been previously described (4, 5), 
the long Site 1002 record shows .that deposi- 
tion of dark laminated sediment during the 
glacial period was apparently coeval with the 
interstadial warmings recorded at the GISP I1 
site (Fig. 1). In contrast, cold periods in 
Greenland were marked by the accumulation 
of light-colored bioturbated sediments in the 
Cariaco Basin. This record of variation in 
color and laminae distribution (and the im- 
plied linkage to high-latitude North Atlantic 
climate) is essentially identical to that ob- 
served in the Santa Barbara Basin and along 
the California margin (12) and, more recent- 
ly, off Pakistan (13). However, unlike these 
locations where oxygen minimum zone 

MIS-1 MIS-2 MIS-3 MIS-4 MIS-5a I ,, 
I I I 

0 10 20 30 40 50 60 70 80 90 

Age (ka) 
Fig. 1. Comparison of measured color reflectance (550 nm) (five-point moving average) of Cariaco 
Basin sediments from ODP Hole 1002C to S180 from the GISP II ice core (9). MIS boundaries in 
Hole 1002C are from (7), and detailed age control over the upper 22 m is based on AMS 14C dating 
of the planktic foraminifer G. buffoides (10). Additional visual tie points between the color 
reflectance and GlSP S180 records are shown. The distribution of laminated intervals is indicated 
across the top. The presence of a semi-indurated dolomite layer in Hole 1002C at 28.3 m below 
the sea floor resulted in minor core disturbance at this level. Deposition of dark, generally 
laminated sediments preferentially occurs during warm interglacial or interstadial times (numbered 
events), whereas deposition of light-colored bioturbated sediments was restricted to colder stadia1 
intervals of the last glacial. Sediment color variations in the Cariaco Basin are driven by changing 
surface productivity, with increased organic rain leading to darker sediments and, through remi- 
neralization reactions, periods of anoxic or near-anoxic conditions in the deep basin. SMOW, 
standard mean ocean water. 

(OMZ) fluctuations have been invoked to 
explain the presence or absence of lamina- 
tions, the shallow sill depth (146 m at 
present) of the Cariaco Basin effectively pre- 
cludes similar OMZ scenarios. This is espe- 
cially true for glacials when lowered sea lev- 
els would have led to yet shallower sill depths 
of -25 to 70 m, limiting the source of water 
to the basin to the well-mixed and oxygenat- 
ed waters of the near-surface region. 

Color and laminae distribution are but two 
of a number of Cariaco properties that show 
linkage to the ice core record. Within MIS 3, 
variations in the bulk Fe, Ti, and Ca content 
of Site 1002 sediments also show a strong 
relation to events recorded in the Greenland 
ice. High-resolution elemental measurements 
in this interval were obtained with a profiling 
x-ray fluorescence (XRF) scanner (14, 15). 
High Fe and Ti intensities are closely associ- 
ated with the dark laminated sediments de- 
posited during interstadial times (Figs. 2 and 
3), whereas Ca values show the opposite 
pattern (Fig. 3). Although the Fe behavior 
alone might be attributed to the parallel redox 
changes in the sediment, Ti behavior, which 
is redox-insensitive (16), shows an identical 
downcore pattern. Hence, Fe and Ti varia- 
tions in the Cariaco Basin are not diageneti- 
cally controlled and are interpreted to reflect 
changes in input of fine terrigenous (silici- 
clastic) components. High Ca intensities, on 
the other hand, reflect the CaCO, content of 
the sediments, which is mostly derived from 
coccoliths and planktic foraminifers. 

Color variations at Site 1002 are domi- 
nantly controlled by total organic carbon 
(TOC), with high TOC values associated 
with darker, less reflective sediment (7). On 
glacial-interglacial time scales, TOC fluctua- 
tions at Site 1002 (0.1 to 5%) have been 
previously interpreted to reflect the first-or- 
der history of export productivity in the Cari- 
aco Basin (17), with sea level playing an 
important role in modulating that production. 
During glacials, lowered sea levels would 
have increasingly isolated the Cariaco Basin 
and restricted input of nutrient-rich subsur- 
face waters, thus limiting production and re- 
ducing 0, consumption from the remineral- 
ization of sinking organic detritus (6, 17). In 
contrast, high interglacial sea levels increase 
the supply of nutrients from the open Carib- 
bean, stimulating productivity and contribut- 
ing to the anoxic depositional conditions that 
prevailed at these times (7). 

Are the millennial-scale variations in sed- 
iment color and lamination occurrence re- 
ported here for the glacial interval (Fig. 1) 
also a reflection of changing surface produc- 
tivity? At first glance, the low Ca contents of 
the dark laminated sediments deposited dur- 
ing interstadials (Fig. 3) might seem to indi- 
cate low productivity of calcareous plankton. 
However, preliminary foraminiferal data in 
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fact suggest the opposite, with high abun- 
dances of the productivity indicator G. bul- 
loides found in the laminated intervals (18). 
Increased carbonate dissolution, another pos- 
sibility for explaining low interstadial Ca val- 
ues, is ruled out by the fact that aragonitic 
pteropods are common throughout the se- 
quence and foraminifera1 preservation is ex- 
cellent. The striking inverse relation between 
Ca and Fe in these sediments instead suggests 
that dilution plays the major role in their 
respective downcore distributions. In order to 
test this and to avoid the closed-sum prob- 
lems inherent in the raw data, we calculated 
Fe and CaCO, accumulation rates (g/cm2 per 
ky) for the well-constrained interval encom- 
passing interstadials 3 through 7 (Fig. 3) (19). 
In contrast to the intensity data, these calcu- 
lations suggest that the accumulation of both 
CaCO, and detrital Fe largely increased and 
decreased in concert during this portion of 
MIS 3. We interpret these results to indicate 
both higher biological productivity and in- 
creased terrigenous input to the Cariaco Ba- 
sin during interstadial times. 

Millennial-scale variability in surface pro- 
duction presumably requires a mechanism 
related to circulation andfor nutrient supply, 
rather than being driven by sea level. Al- 
though a number of studies have focused on 
the history of trade wind-induced upwelling 
over the Cariaco Basin within MIS 1 (4-6, 
20), we consider it unlikely that upwelling is 
responsible for the abrupt productivity chang- 
es observed during the last glacial along the 
Venezuelan coast. Today, coastal upwelling 
over the Cariaco Basin is strongest during 
Northern Hemisphere winters when North 
Atlantic sea surface temperatures (SSTs) are 
cool in relation to those in the South Atlantic. 
Cooler North Atlantic SSTs result in in- 
creased surface pressure over the North At- 
lantic and a southward shift of the ITCZ (21), 
with intensified northeasterly trade winds 
driving stronger upwelling over the basin. 
Studies of the Younger Dryas (5), as well as 
studies of recent decadal-scale changes cali- 
brated to instrumental data (20), indicate in- 
tensification of upwelling over the Cariaco 
Basin at times of cooler North Atlantic SSTs, 
suggesting a coherent climatological re- 
sponse on longer time scales that is simply an 
enhancement of the annual cycle. During the 
last glacial, evidence for stronger northeast- 
erly trade winds and southward displacement 
of the ITCZ comes from both data and mod- 
eling studies (22, 23). Although one might 
predict more intense upwelling over the Cari- 
aco Basin as a result, nutrient limitations 
imposed by lower sea level and shallower 
sills appear to have kept glacial productivity 
levels generally below those of the Holocene 
and earlier interglacials (4, 7). Superimposed 
on this background of low glacial productiv- 
ity are the rnillennial-scale productivity peaks 

implied by the Site 1002 reflectance data 
(Fig. 1). If these were driven solely by trade 
wind-induced upwelling, one might expect a 
relation between productivity maxima and 
the cold stadia1 intervals of the North Atlan- 
tic. In fact, the opposite is observed. 

We hypothesize that the millennial-scale 
productivity pulses recorded in the Cariaco 
Basin during the last glacial are not the result 
of upwelling, but rather of an increased sup- 
ply of river-borne nutrients to the coastal 
waters of northern South America, with the 
primary evidence for varying riverine influ- 
ence coming from the bulk Fe and Ti signals 
in Site 1002. High Fe and Ti abundances 
during periods of warm interstadial climate 
indicate increased terrigenous input to the 
Cariaco Basin and imply higher rainfall and 
increased runoff from the watersheds of riv- 
ers that affect the basin. 

A number of small rivers drain the coast 
bordering the Cariaco Basin, but these rivers 
are located today -50 krn or more from the 
basin itself and discharge directly onto a 
broad shallow shelf (<50 m), where their 
sedimentary contributions are largely trapped 
(24). The eastern Caribbean and Cariaco Ba- 
sin at present also receive an input of fine- 
grained siliciclastics from the Orinoco-Ama- 
zon plume (25). During glacial lowstands of 
sea level, the shelf around the Cariaco Basin 
was reduced to a few kilometers in width, and 
direct input of sediment from local rivers was 

volumetrically more substantial in relation to 
Orinoco-Amazon sources (16, 25). We sug- 
gest that the combination of greatly reduced 
shelf width and area during lowstands result- 
ed in glacial-age sediments of the Cariaco 
Basin being more sensitive to fluctuations in 
terrigenous input driven by rainfall-related 
changes in riverine discharge. In addition, the 
shifting of river mouths to near the edge of 
the basin may have led to locally amplified 
effects on surface productivity from river- 
sourced nutrients. 

Pollen records from both marine and ter- 
restrial sequences in northern South America 
suggest arid conditions and extensive savan- 
na vegetation in the northern coastal region 
toward the end of the last glacial (26). For the 
period before -15 ka, little direct terrestrial 
information is available on climatic condi- 
tions along the northern coast, although at 
least one modeling study predicts increased 
precipitation during interstadials when warm- 
er North Atlantic SSTs are prescribed (27). 
Together, data presented here and data from a 
lower resolution sediment record off north- 
eastern Brazil (28) indicate a broad regional 
signal of millennial-scale changes in the wa- 
ter balance over trovical South America not 
previously identified in terrestrial records. 
These changes are consistent with variations 
in SST gradients and ITCZ behavior that 
might be expected from atrnosphere-ocean- 
ice interactions originating in the North At- 

Fig. 2. Detailed comparison of sediment reflectance and Fe and Ti (countsls) (three-point moving 
average) from MIS 3 sediments of ODP Hole 1002C with measured 6180 in the GlSP I I  ice core (9). 
The distribution of laminated sediment intervals in MIS 3 is shown across the top of the figure. 
Warm intentadials in the GlSP I I  record were marked by the deposition of Fe- and Ti-rich, dark, and 
generally laminated (anoxic) sediments in the Cariaco Basin. High Fe and Ti values indicate periods 
of greater terrigenous input to the basin and reflect increased precipitation and input from rivers 
draining the northern coast of tropical South America. 
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lantic. Furthermore, the evidence for higher 
interstadial precipitation over at least this one 
region highlights the potential importance of 
tropical water vapor, a key greenhouse gas, in 
helping to globally amplify abrupt climate 
changes. w 

In addition to providing direct evidence for 
rapid hydrologic changes during the last glacial, 
data from the Cariaco Basin also point to a 
potential role of the tropics as a source of 
millennial-scale climatic variability. Although 
the Site 1002 data reflect change in only one 
small part of the world, they capture variability 
in a region where changing water balances may 
play a pivotal role in generating extratropical 
feedbacks. A number of modeling studies have 
noted the sensitivity of thermohaline circulation 
to changes in atmospheric moisture transport 
from the Atlantic to Pacific Ocean (29, 30). In 
general, a net export of moisture makes the 
Atlantic saltier and favors deepwater formation 
in the North Atlantic. In the tropical Atlantic, 
the narrow and relatively low Isthmus of Pan- 
ama is the prime pathway for atmospheric 
moisture loss to the Pacific (31). During warm 
interstadials, increased precipitation affected 
river discharge into the Cariaco Basin, which 
lies at approximately the latitude of the low- 
lying Panamanian land bridge. We speculate 

Fig. 3. Variations in XRF 
intensities (wunts/s) 
(top) for Fe and Ca (74) 
over the time interval 
from ODP Hole 1002C 
encompassing intersta- 
dials 3 through 7 in the 
GlSP II record (bottom). 
The distribution of lami- 
nated sediment intervals 
is shown across the top 
of the figure. Measured 
Fe intensities reflect the 
relative abundance of 

that higher interstadial rainfall along the north- 
ern coastline of South America may have led to 
a higher net export of moisture to the Pacific, 
thus enhancing the Atlantic-Pacific saliriity 
contrast and increasing thermohaline heat trans- 
port to the high northern latitudes. During cold- 
er stadials, drier conditions over northern South 
America might be explained by a modest south- 
ward shift of the ITCZ and its belt of convective 
rainfall away from the low-lying Isthmus of 
Panama and into mountainous Andean ter- 
rain. This could have led to orographic 
rainfall and moisture "blocking" by the 
Andes and an overall drop in freshwater 
export to the Pacific, leading to reduced 
thdrmohaline overturning and decreased 
northward heat transport. Alternatively, 
changes in the inferred location of tropical 
convection might be a response to forcing 
outside the Atlantic. During warm El Nifio 
events, for example, the SST structure of 
the tropical Pacific becomes more symmet- 
ric around the equator, and the mean ITCZ 
position in that basin shifts to the south 
(32).  This has global effects on temperature 
and precipitation patterns in the tropics and 
extratropics (33).  Whether the tropical Pa- 
cific plays a role in generating millennial- 
scale hydrologic changes over northern 

terrigenous components 
in the sediment, where- 
as Ca values are highly 
correlated to biogenic 

a, 

carbonate contents. 
Measured intensity val- 0 
ues were combined with 
sedimentation rate in- 20 s 

N 

formation from the age 15 6 
model and DBD data to 

10 3 calculate Fe and equiva- o 
lent CaCO, accumula- 5 0 m 
tion rates (middle) for - O m  
this interval (19). These 5 -37 
calculations indicate 5 
that the accumulation of 3 -39 
both Fe and CaCO, in- 
creased in the Cariaco $ -41 
Basin during warm inter- 3 
stadia1 periods. The 6 - 4 3  
peaks in terrigenous in- ;b 

put are interpreted to 27 28 29 30 31 32 33 34 35 
reflect intervals of in- 
creased regional precipi- Age (ka) 
tation and riverine discharge, with higher (carbonate) productivity likely driven by the introduction of new 
riier-sourced nutrients directly into the basin. 

South America remains to be seen. Either 
scenario suggests the potential for strong 
tropical feedbacks in the generation of 
abrupt climate changes; such mechanisms 
need to be tested by further data collection 
and climate modeling. 
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Climate Shifts During: the Last 
Synchronous Radiocarbon and demonstrated previously that the laminae 

couplets are annually deposited varves and 
that light laminae thickness, sediment re- 
flectance (gray scale), and abundance of the 

Deglaciation 
foraminifer Globigerina bulloides are all 
sensitive proxies for surface productivity, 
upwelling, and trade wind strength (14, 15). 

Konrad A. ~ughen,'* John R. Southon,' Scott J. Lehman,3 Nearly identical patterns, timing, and dura- 

Jonathan T. Overpeck4 tion of abrupt changes in Cariaco Basin 
upwelling compared with surface tempera- 

Radiocarbon data from the Cariaco Basin provide calibration of the carbon-14 tures in the high-latitude North Atlantic 
time scale across the period of deglaciation (15,000 to 10,000 years ago) with region at 1- to 10-year resolution during the 
resolution available previously only from Holocene tree rings. Reconstructed past 110 years and the last deglaciation (7, 
changes in atmospheric carbon-14 are larger than previously thought, with the 14, 15) provide evidence that rapid climate 
largest change occurring simultaneously with the sudden climatic cooling of the shifts in the two regions were synchronous. 
Younger Dryas event. Carbon-14 and published beryllium-10 data together A likely mechanism for this linkage is the 
suggest that concurrent climate and carbon-14 changes were predominantly response of North Atlantic trade winds to 
the result of abrupt shifts in deep ocean ventilation. the equator-pole temperature gradient 

forced by changes in high-latitude North 
Efforts to calibrate the radiocarbon time scale in both I4C and climate (7-11). However, Atlantic temperature (16). 
and to quantify the record of changes in past those data are not of high enough resolution The hydrography of the Cariaco Basin 
atmospheric I4C concentration [A14C, report- to conclusively determine the timing of the provides excellent conditions for I4C dat- 
ed as per mil (%o) deviations from the prein- AI4C shift relative to the Younger Dryas ing (1 7). The shallow sills (146 m depth) 
dustrial value] rely primarily on I4C measure- onset, leading to speculation that the A14C constrain water entering the basin to the 
ments on tree-ring dated wood (1, 2). How- changes were caused by another mechanism surface layer, well equilibrated with atmo- 
ever, these dendrochronological records ex- (e.g., solar variability) (12). Here we present spheric CO,. Despite anoxic conditions, the 
tend back only to -11,900 calendar years I4C data from Cariaco Basin core PL07- deep waters of the Cariaco Basin have a 
before present (11.9 cal kyr B.P.) and do not 58PC (hereafter 58PC), providing 10- to brief residence time, as little as 100 years 
provide calibration during most of the large, 15-year resolution through most of degla- (1 7). Two radiocarbon dates on G,  btrl- 
abrupt climate changes of the last deglacia- ciation. The new calibration data demon- loides of known recent calendar age gave 
tion, including the Younger Dryas cold rever- strate conclusively that AI4C changes were the same surface water-atmospheric 14C 
sal. Paired UITh-I4C dates from corals have synchronous with climate shifts during the difference (reservoir age) as the open At- 
been used to extend 14C calibration back in Younger Dryas. Calculated AI4C is strong- lantic Ocean (7). Good agreement during 
time beyond that determinable by tree rings ly correlated to climate proxy data through- the early Holocene and Younger Dryas be- 
(3-6), revealing elevated AI4C during the out early deglaciation (v = 0.81). Compar- tween Cariaco Basin and terrestrial I4C 
Younger Dryas period. However, available ing A1"C and "Be records leads us to dates, including German pines and plant 
14C calibration data from corals provide lim- conclude that ocean circulation changes, macrofossils from lake sediments (1, 9, 11, 
ited temporal resolution and do not constrain not solar variability, must be the primary 18) (Fig. l ) ,  suggests that Cariaco Basln 
the decade-century scale details of past I4C mechanism for both 14C and climate chang- reservoir age does not change measurably 
variation. Recently reported results (7) doc- es during the Younger Dryas. as a response to increased local upwelling 
umenting abrupt changes in A1"C and climate Cariaco Basin core 58PC (10°40.60'N, (i e., during the Younger Dryas) (19). 
during the onset of the Younger Dryas are 64"57.701W; 820 m depth) has an average Planktonic foraminifera1 abundance per-
consistent with the hypothesis that a shut- sedimentation rate (70 cmikyr) more than mits continuous sampling at 1.5-cm incre- 
down of deep ocean ventilation caused sh~fts 25% higher than core 56PC (10°41.22'N, ments, providing 10- to 15-calendar-year 

64"58.07'W, 810 m depth) (13, 14), and resolution throughout most of deglaciation. 
shares similar hydrographic conditions. Re- For this work, the vane  chronology is 

lDepartment Marine Chemistry and CeOchemist"Y, stricted deep circulati& and high surface largely the same as that used for core %PC 
Woods Hole Oceanographic Institution, Woods Hole, productivity in the Cariaco Basin off the (7). Varves have been re-counted during MA 02543, USA, for Accelerator Mass Spec-
trometry, L~~~~~~~ Livermore National Laboratory, coast of Venezuela create an anoxic water periods of particular importance, such as 
Livermore. CA 94551. USA. 31nstitute of Arctic and column below 300 m. The climatic cvcle of the over la^ with tree rines and the onset of 

Research and Department Sci- a dry, windy season with coastal upwklling, the ~ o u n g ' e r  Dryas, as &Ias the deepest, 
ences, University of Colorado, Boulder, CO 80309, followed by a nonwindy, rainy season, re- oldest laminations that are less distinct. The 
USA, 41nstitute for the Study of Planet Earth and 

D~~~~~~~~~ of ceosciences, university of ~ ~ i ~ ~ ~ ~ ,
suits in distinctly laminated sediment cou- floating Cariaco Basin varve chronology 
Tucson, AZ 85721, USA. plets of light-colored, organic-rich plank- was anchored to the German pine dendro- 
* T ~whom correspondence should be addressed. E. ton tests and dark-colored mineral grains chronology by wiggle-matching I4C varia- 
mail: khughen@whoi.edu from local river runoff (13). It has been tions in both curves (Fig. I). The correla- 
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