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foraminiferal calcite in order to reconstruct tropical Atlantic
surface salinity5,6 during the last glacial cycle. We find that
Caribbean salinity oscillated between saltier conditions during
the cold oxygen isotope stages 2, 4 and 6, and lower salinities
during the warm stages 3 and 5, covarying with the strength of
North Atlantic Deep Water formation7. At the initiation of the
Bølling/Allerød warm interval, Caribbean surface salinity
decreased abruptly, suggesting that the advection of salty tropical
waters into the North Atlantic amplified thermohaline circulation and contributed to high-latitude warming.
Today, most of the North Atlantic’s subtropical gyre water
circulates through the Caribbean Sea before it is transported to
the subpolar regions of the North Atlantic via the Gulf Stream8. Net
evaporation exceeds precipitation in the Atlantic, resulting in
freshwater removal of ,0.35 £ 106 m3 s21 from the Atlantic
basin9. Because of their influence on North Atlantic surface salinity,
the tropical and subtropical Atlantic play an important part in
regulating North Atlantic Deep Water (NADW) formation. However, unlike the Gulf of Mexico and North Atlantic, Caribbean
salinity is not significantly affected by freshwater runoff and therefore surface salinity primarily reflects the evaporation/precipitation
ratio over the western tropical Atlantic. Hence, changes in tropical
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Variations in the strength of the North Atlantic Ocean thermohaline circulation have been linked to rapid climate changes1 during
the last glacial cycle through oscillations in North Atlantic Deep
Water formation and northward oceanic heat flux 2–4. The
strength of the thermohaline circulation depends on the supply
of warm, salty water to the North Atlantic, which, after losing
heat to the atmosphere, produces the dense water masses that
sink to great depths and circulate back south2. Here we analyse
two Caribbean Sea sediment cores, combining Mg/Ca palaeothermometry with measurements of oxygen isotopes in
160

Figure 1 Temperature and d18OSW variation in the western Caribbean Sea during the
past 136 kyr. a, Colombian basin d18OC and b, Mg/Ca–SST records from ODP 999A
(128 45 0 N, 788 44 0 W; 2,827 m; 4 cm kyr21 sedimentation rate) and VM28-122 (118 34 0
N, 788 25 0 W; 3,623 m; 4 cm kyr21 sedimentation rate during the Holocene and
LGM, 10–15 cm kyr21 sedimentation rate during the deglaciation), based on the
planktic foraminifer G. ruber (white). Mg/Ca was converted to SST13 using
Mg/Ca ¼ 0.38exp0.09[SST–0.61(core depth, in km)]. c, Computed d18OSW
calculated from the Mg/Ca-derived SST and d18OC using T (in 8C) ¼ 16.5 2 4.80
(dC 2 (dW 2 0.27)) (ref. 14). The continental ice-volume d18OSW reconstruction15 is
shown for comparison. Note that the amplitude of the calculated d18OSW change in the
Colombian basin is considerably greater than the global d18OSW change due to ice volume
alone.
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atmospheric circulation have a profound effect on Caribbean surface salinity, which could in turn affect the salinity and density
structure of the entire North Atlantic.
The 18O/16O ratio of sea water covaries linearly with surface
salinity, making it one of the most direct proxies for estimating
salinity in the modern ocean10. On glacial timescales, the d18O value
for sea water (d18OSW) is also affected by variations in continental
ice volume because the formation of glacial ice preferentially
18
removes H16
2 O from the ocean. The d O of foraminiferal calcite
18
(d OC) is controlled by temperature and d18OSW, so d18OSW can be
computed if temperature is determined independently. Initial
attempts to compute North Atlantic d18OSW used indirect sea
surface temperature (SST) estimates based on faunal transfer
functions4. Given the uncertainties in determining the precise
magnitude and timing of SST change from transfer functions and
the fact that the computed temperature did not necessarily reflect
conditions at the time the foraminiferal shell locked in its d18OC
value, the resulting surface salinity reconstructions are only qualitative. Here we combine Mg/Ca measurements (a proxy for the
temperature of calcification) and d18O analyses of shells from the
surface-dwelling foraminifera Globigerinoides ruber (white) from
the western Caribbean Colombian basin at ODP Site 999A and
VM28-122 (see Supplementary Information for core location map)
to produce the first continuous record of Caribbean d18OSW during
the last 136 kyr (Fig. 1). The most significant advantage of Mg
palaeothermometry over other temperature determinations is that
Mg/Ca is measured on the same organism and mineral phase that
carries the d18O information. Hence, there is no spatial or temporal
ambiguity in the incorporation of the two controlling parameters5,6
and ambient d18OSW can be computed directly.
Age models for ODP 999A and VM28-122 were developed using
eight new and six previously published accelerator mass spectroscopy

Figure 2 A comparison of local d18OSW change in Colombian basin surface water and
estimated variation in NADW formation over the past 136 kyr. a, Dd18OIVF-SW (salinity
excess) for ODP 999A represents regional hydrologic changes in the Caribbean through
the last glacial cycle. The bold line is a low-pass (5 kyr) filter with a 5-point filter weight
running through the raw data (fine line). b, Benthic d13C record (filtered with a low-pass
(5 kyr) filter with a 10-point filter weight) from Ceara Rise core EW9209-1JPC (58 N, 438
W; 4,056 m) indicates times of reduced NADW formation (lower d13C)7.
NATURE | VOL 428 | 11 MARCH 2004 | www.nature.com/nature

(AMS) 14C dates from G. ruber and correlation of the G. ruber d18OC
records to SPECMAP11 and to estimates of sea level change from
coral U–Th dates12 (see Supplementary Information).
We convert measured Mg/Ca ratios to SST using a depthcorrected G. ruber Mg/Ca–SST calibration for the tropical Atlantic13
(Fig. 1b). To compute d18OSW, temperature is then removed from
the d18OC record using a temperature–d18O relationship that has
been field-calibrated for use with G. ruber (white)14 (Fig. 1c). The
component of d18OSW that is due to changes in regional hydrology
during the last glacial cycle was then calculated by subtracting the
influence of continental ice volume15 and subtracting the modern
Caribbean surface d18OSW value, producing the ice-volume-free
residual, Dd18OIVF-SW, presented as the deviation from modern
conditions (Fig. 2a).
The G. ruber d18OC record from ODP 999A displays a glacial–
interglacial amplitude of 2‰ (Fig. 1a). The Holocene and the
interglacial Oxygen Isotope Stage (OIS) 5e attain a minimum value
of 22.0‰ and the Last Glacial Maximum (LGM) peaks at 0‰. The
d18OC record in VM28-122 is nearly identical to ODP 999A through
the past 40 kyr. VM28-122 shows virtually all of the detail contained
in a 10–20 cm kyr21 G. ruber d18OC record from core M35003-4
in the Tobago basin16, just east of the Caribbean Sea (Fig. 3a).

Figure 3 Temperature and salinity variation in the Colombian Basin and in the western
tropical Atlantic over the last deglacial. Records of a, d18OC and b, SST from VM28-122
and from Tobago basin core M35003-4 (128 N, 618 W; 1,299 m) (ref. 16) are compared.
d18OC is from G. ruber (white) in VM28-122 and from G. ruber (pink) in M35003-4. The
SST record for VM28-122 is derived from Mg/Ca, whereas the M35003-4 SST record is
alkenone-based. The differences in the d18OC and SST records from VM28-122 and
M35003-4 may be due to the influence of the low-salinity pool associated with the
Amazon and Orinoco river outflow on the Tobago basin or to a southward shift in the
glacial NEC. c, The computed Dd18OIVF-SW record from VM28-122 represents regional
surface salinity change in the Caribbean. Note that the rapid salinity decrease in the
Caribbean (14.6 kyr ago) corresponds to an increase in the GISP II d18O record (d)19 at the
beginning of the Bølling/Allerød warm interval. Arrows on the bottom axis indicate
VM28-122 intervals with AMS 14C dates. Heinrich Event 1 (H1), the Bølling/Allerød (BA)
and the Younger Dryas (YD) are indicated.
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The Mg/Ca records from ODP 999A and VM28-122 yield a late
Holocene SSTof ,28.0 8C and show that the western Caribbean was
,2.5 8C cooler during the LGM (Fig. 1b). These late Holocene SST
values agree with the average modern SST for the Colombian basin17
and the glacial–interglacial temperature difference is consistent with
previous estimates for the Caribbean18. The SST record from ODP
999A also shows that OIS 4 was ,1.2 8C warmer than OIS 2 and 3.
The VM28-122 Mg/Ca record, which has a sedimentation rate of
over 15 cm kyr21 during the mid-deglaciation, shows a pause in SST
rise associated with the Bølling/Allerød interval19 (Fig. 3b). This
pattern of SST change is similar to that observed from alkenone data
in core M35003-4 (ref. 16 and Fig. 3b), but differs from a coastal
Cariaco basin SST reconstruction based on Mg/Ca palaeothermometry that indicates significant cooling during the Younger Dryas20.
Both the Tobago and Cariaco basins yield lower LGM SSTs than the
western Caribbean. Because the LGM was a period of enhanced
carbonate preservation in the Caribbean, it is unlikely that these
LGM temperature differences are due to the influence of dissolution
on Mg/Ca in our data. Furthermore, our reported Mg/Ca ratios
show a statistically significant negative correlation with average shell
weight, suggesting that partial dissolution has not affected our
Mg/Ca–SST reconstruction. Rather, the SST difference between
the western Caribbean and the eastern sites may be due to a
southward shift in the glacial North Equatorial Current (NEC)21.
Subtracting the influence of SST on G. ruber d18OC in ODP 999A
and VM28-122, we obtain the salinity proxy, d18OSW (Fig. 1c). The
late Holocene yields an average d18OSW of 0.8‰, in close agreement
with modern annual d18OSW values for the western Caribbean22.
The d18OSW record for the past 136 kyr has a glacial–interglacial
amplitude of ,1.5‰, exceeding estimates of d18OSW change due to
ice volume by 0.5‰ (ref. 15). Removing the influence of ice
volume15 and subtracting the modern Caribbean surface d18OSW
value of 0.8‰ yields Dd18OIVF-SW (Fig. 2a). Positive values indicate
increased surface salinity due to the excess removal of H16
2 O during
evaporation. In ODP 999A, Dd18OIVF-SW was more positive than
modern seawater by ,0.5 to 0.6‰ during cold glacial intervals OIS
2, 4 and 6. In contrast, warm OIS 3 and 5 values of d18OSW are
indistinguishable from the average modern d18OSW value in this
region (for example, Dd18OIVF-SW < 0). If we assume the freshwater
d18O value in the tropical Atlantic did not change significantly
during the LGM23, then the modern western Caribbean d18OSW
to surface salinity relationship, d 18 O SW ¼ 0.22 £ (surface
salinity) 2 6.95 (ref. 22), is valid for the last glacial cycle. Our glacial
d18OSW values therefore indicate that Caribbean salinities were 2.3 to
2.7 p.s.u. higher than modern salinities, after the influence of ice
volume on oceanic salinity has been subtracted. Previous research
also indicates increased western tropical Atlantic surface salinity
during glacial periods24, suggesting a regional increase in glacial
surface salinity that extended beyond the Caribbean.
Climate in the modern Colombian basin is characterized by two
distinct seasons: a warm, wet season in late summer when the
Intertropical Convergence Zone (ITCZ) is located farthest to the
north, and a cool, dry season during boreal winter when the ITCZ
migrates south25. As a result, surface salinity varies seasonally by
,0.7 p.s.u. (ref. 17). The increased glacial salinities calculated in
ODP 999A (Fig. 2a) are therefore consistent with modelling26 and
sedimentological data27 suggesting a southward shift in the ITCZ
during periods of reduced NADW formation.
It is generally accepted that cold periods in the North Atlantic are
associated with reduced NADW formation3. On orbital timescales,
benthic foraminiferal d13C oscillations from the western tropical
Atlantic reflect the relative strength of NADW (high d13C) and
Antarctic Bottom Water (low d13C) production. Compared with the
d13C record from western tropical Atlantic Ocean core EW9209-1
JPC7 over the last glacial cycle (Fig. 2b), reconstructed Dd18OIVF-SW
from ODP 999A demonstrates that elevated Caribbean salinities
occurred when NADW production was reduced. The combined
162

evidence of arid atmospheric conditions27 and covariation between
benthic d13C and Dd18OIVF-SW during the last glacial cycle suggests
that increased glacial Caribbean salinities were a function of both
tropical Atlantic hydrological changes and a general decrease in flow
rate through the Caribbean that resulted in a weaker Gulf Stream28.
Comparison of the VM28-122 Dd18OIVF-SW record with the
GISP II d18O record19 (Fig. 3c, d) reveals that Caribbean surface
salinity decreased rapidly at the onset of the Bølling/Allerød interval. The d18OSW transition from glacial to modern salinity (as
determined by the midpoint of the VM28-122 Dd18OIVF-SW transition) occurs during a period of increased sedimentation rate and is
coincident with the onset of the Bølling/Allerød at 14.6 kyr ago.
During the brief period of Bølling/Allerød warmth in the North
Atlantic, Colombian basin salinity reduced significantly, reaching a
minimum between 14.5 and 13.7 kyr ago. Both the initiation and
termination of this surface-salinity minimum are bracketed by AMS
dates. Sedimentological evidence from the Cariaco basin also
suggests a rapid northward migration of the ITCZ during the
Bølling/Allerød, resulting in enhanced rainfall in the Caribbean
region27. This salinity decrease was preceded by a brief period of very
salty conditions in the Caribbean that could be related to the
collapse of thermohaline circulation during Heinrich Event 1
(Fig. 3c). The observed pattern of millennial-scale surface salinity
change suggests that cold stadial events are characterized by a drier
western tropical Atlantic combined with reduced surface flow
through the Caribbean. These surface-salinity reconstructions
agree with Cariaco basin sedimentological data but contradict an
earlier interpretation that interstadials are periods of increased
salinity in the western tropical Atlantic27.
Recent modelling studies suggest the initiation of the Bølling/
Allerød warming and concurrent strengthening of North Atlantic
thermohaline circulation was triggered by either a reduction in
Southern Ocean salinity due to meltwater pulse 1A29 or warming
and sea-ice retreat30. It has been difficult to explain how the warm
Bølling/Allerød interval could result from a reinvigoration of
thermohaline circulation when North Atlantic surface warming,
sea-ice retreat and continental deglaciation should have produced a
negative density anomaly that would have reduced deep convection.
We hypothesize that excess salt advected from the Caribbean at
,14.6 kyr ago (Fig. 3c) may have helped to offset the low-salinity
conditions in the North Atlantic. Model results suggest that the
Indian Ocean was an additional source of salt to the North Atlantic
at the start of the deglaciation30. When combined, these two sources
of salt would serve as a density amplifier for deep thermohaline
circulation, thereby offsetting the effect of rising temperature and
melting ice.
It is clear that the tropical oceans play a key role in glacial–
interglacial climate transitions. Because the accumulation of excess
salt in the tropical North Atlantic ultimately impacts the density of
high-latitude surface waters, it affects North Atlantic climate
through its influence on thermohaline circulation. On the basis of
our results, surface waters in the Caribbean became exceptionally
salty during glacial intervals over the last 136 kyr. Amplification of
North Atlantic thermohaline circulation associated with warm
phases during glacial cycles may be critically dependent on the
delivery of salty waters that accumulate in the Caribbean during
cold periods. These results suggest that the tropical hydrologic cycle
has a direct role in regulating rapid climate change.
A

Methods
Sediment from each core interval was disaggregated in ultrapure water, sieved and dried at
45 8C. To minimize intraspecific variation in shell geochemistry at each core interval,
specimens of G. ruber s.s. (white) were only collected from the 250–350 mm size fraction.
On the basis of preliminary analyses of the intraspecific oxygen isotope variability among
G. ruber within core intervals, we used 25 shells per stable isotope analysis for all downcore
measurements. Samples were collected at 5 cm resolution (ODP 999A) and 2 cm
resolution (VM28-122). Samples for stable isotopes were sonicated in methanol for 5–10 s,
roasted under vacuum at 375 8C for 30 min, and analysed on a Fisons Optima IRMS, using
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an Isocarb common acid bath autocarbonate system at 90 8C at the University of
California Davis.
Mg/Ca ratios were measured on foraminifera collected from the same population and
size fraction that was used for the stable isotope analyses. Approximately 600 mg of
material per sample (,55 shells) was cleaned for trace and minor element analysis5.
Briefly, samples underwent a multi-step process consisting of initial rinses in ultrapure
water, followed by treatments with hot reducing and oxidizing solutions, transfers into
new acid-leached micro-centrifuge vials, and finally leaches with a dilute ultrapure acid
solution. All sample cleaning was conducted in laminar flow benches under trace-metalclean conditions. Samples were then dissolved and analysed on a Finnigan Element-2
ICPMS at the University of California Santa Barbara using established procedures5. A full
suite of trace- and minor-element measurements were made on each sample including Ca,
Mg, Sr, Na, Cd, Ba, La, Ce, Nd, Eu, Lu, U, Al, Mn and Fe.
Elemental ratios of Fe/Ca and Al/Ca were used to monitor cleaning efficacy. Analyses
with anomalously high Fe/Ca or Al/Ca ratios and/or with recovery of less than 20% after
cleaning were rejected. Although Fe/Ca ratios gradually increased with depth in both
cores, Al/Ca ratios remained uniformly low, typically ,7 mmol mol21 in ODP 999A and
,14 mmol mol21 in VM28-122, indicating that Mg contamination associated with detrital
sediment in cleaned samples was not an issue at either site. Although Fe/Ca and Mn/Ca
were higher in VM28-122, Mg/Ca did not correlate with Fe/Ca, Al/Ca or Mn/Ca in either
core, indicating that the mineral phases containing these metals in the cleaned samples did
not affect Mg/Ca ratios in the foraminiferal calcite.
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Error analysis
Analytical precision for the d18OC measurements is better than ^0.06‰. The pooled
standard deviation of replicate Mg/Ca analyses from ODP 999A was ^1.7% (1 s.d.,
d.f. ¼ 110). The pooled standard deviation of replicate Mg/Ca analyses from VM28-122
was ^2.4% (1 s.d., d.f. ¼ 129). The overall precision of replicates in this study is slightly
better than other tropical cores (typically ,3%)5,20, most probably reflecting the stability
of the water column in the Colombian basin through the last glacial cycle. Standard
deviation for the d18OSW residual was calculated to be ^ 0.2‰, using Monte Carlo
methodology that assumed a 1j normal distribution in the d18OC and Mg/Ca
measurements and in the Mg/Ca–SST and d18O–SST calibrations.
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At convergent continental margins, the relative motion between
the subducting oceanic plate and the overriding continent is
usually accommodated by movement along a single, thin interface known as a megathrust1. Great thrust earthquakes occur on
the shallow part of this interface where the two plates are locked
together2. Earthquakes of lower magnitude occur within the
underlying oceanic plate, and have been linked to geochemical
dehydration reactions caused by the plate’s descent3–7. Here I
present deep seismic reflection data from the northern Cascadia
subduction zone that show that the inter-plate boundary is up to
16 km thick and comprises two megathrust shear zones that
bound a >5-km-thick, ,110-km-wide region of imbricated
crustal rocks. Earthquakes within the subducting plate occur
predominantly in two geographic bands where the dip of the
plate is inferred to increase as it is forced around the edges of the
imbricated inter-plate boundary zone. This implies that seismicity in the subducting slab is controlled primarily by deformation
in the upper part of the plate. Slip on the shallower megathrust
shear zone, which may occur by aseismic slow slip, will transport
crustal rocks into the upper mantle above the subducting oceanic
plate and may, in part, provide an explanation for the unusually
low seismic wave speeds that are observed there8,9.
The Cascadia subduction zone, where the oceanic Juan de Fuca
plate descends beneath the overlying North American plate, extends
1,100 km from northern California to northern Vancouver Island.
Sedimentary rocks originally deposited on the oceanic plate are
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