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Tropical regions have been reported to play a key role in climate dynamics. To
date, however, there are uncertainties in the timing and the amplitude of the
response of tropical ecosystems to millennial-scale climate change. We
present evidence of an asynchrony between terrestrial and marine signals of
climate change during Heinrich events preserved in marine sediment cores
from the Brazilian continental margin. The inferred time lag of about 1000 to
2000 years is much larger than the ecological response to recent climate
change and appears to be related to the nature of hydrological changes.

The recent increase in extreme climatic

events, particularly in tropical regions, is

thought by many to be a precursor of climate

change. High-resolution investigations of past

climate oscillations have found that changes

between climate modes (warm versus cold

and dry versus wet) can occur within decades

(1), a period of time similar to that of recent

climate change. Hence, understanding the

controls of past high-frequency climate

oscillations is a prerequisite for improving

recent climate prediction. Occurrences of

high-amplitude climate changes in the tropics

during the past decade suggest that clues

about the causes of climate instability during

the Quaternary might be found in tropical

regions (2). Despite a growing pool of high-

resolution paleoclimate records from low

latitudes, detailed knowledge on the distri-

bution and amplitude of climate changes in

space and time is still sparse, and the pro-

cesses responsible are hardly understood (3).

Uncertainties exist particularly in reconciling

timing and amplitude of responses of tropical

terrestrial and marine ecosystems to cli-

mate changes (4–6). Generally, it is assumed

that the response of vegetation patterns lags

climatic changes. Estimates of the lag range

between decades on an ecosystem scale to

2000 to 3000 years on a continent scale but

are mostly derived from records spanning the

deglacial and Holocene periods E(7, 8) and

references therein^. However, estimates from

the Pleistocene, with its millennial-scale

climate oscillations, suffer from a lack of ar-

chives with variables independently denoting

climate change and vegetation response. Un-

derstanding the processes determining the

ecological response time to climate change is

a prerequisite for meaningful use of terres-

trial proxies in the interpretation of paleo-

climate data. It also requires high-resolution

climate archives from sites that are sensi-

tive to changes in regional climate systems

and capable of recording marine as well as

terrestrial ecosystems_ responses to climate

change.

We found such a site on the continental

margin off northeast Brazil (Fig. 1). Sedi-

ment cores covering late Quaternary sedi-

ments dating back to 85,000 years before the

present (B.P.) were studied for information

on oceanic and terrestrial responses to cli-

mate change by using a multiproxy ap-

proach. The area is situated between two

moisture-carrying trade wind systems sensi-

tive to climate changes caused by seasonal

movements of the Intertropical Convergence

Zone (ITCZ) (9) and exhibit high sedimen-

tation rates. Thus, it is suitable for monitor-

ing the consequences of high-frequency

climate oscillations in the tropical Atlantic

Ocean as well as on the South American

continent.

Distribution patterns of newly obtained data

on organic carbon (C
org

) and carbonate

(CaCO
3
) contents and stable carbon and

nitrogen isotopes (d13C
org

and d15N) in our

cores are in agreement with previously

measured geochemical parameters, pollen

abundance and composition, and Fe/Ca and

Ti/Ca ratios. They indicate millennial-scale

sedimentation pulses coincident with the

Younger Dryas (YD) and Heinrich events H1

to H8 known from the North Atlantic (9)

(Figs. 2 and 3), although the time spans of the

sedimentation pulses we observed do not

always match exactly with those of the North

Atlantic events. The most important finding of

our study is a recurring internal sedimentation

pattern during Heinrich events with opposing

gradual changes in the parameters mea-

sured. The sedimentation rate increased from

10 to 15 cm kyearj1 to maxima to 30 cm

kyearj1 during Heinrich events (10). Rapid

decreases of CaCO
3

content from 30 to 40%

in the beginning of a Heinrich event to G10%

were accompanied by rapid increases of Fe/Ca

and Ti/Ca ratios, indicating a shift from car-
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Fig. 1. Map of the investigated area
with locations of cores GeoB 3104-1/
GeoB 3912-1 (3-40.0¶S, 37-43.0¶W, and
767-m water depth) and GeoB 3911-3
(4-36.8¶S, 36-38.2¶W, and 828-m water
depth), and Lagoa do Caçó (2-58¶S and
43-25¶W), as well as the actual positions
of the ITCZ and its inferred southward
displacement during the times of Hein-
rich events as suggested by our data.
Also included are the major surface
currents: the South Equatorial Current
(SEC), the North Brazil Current (NBC),
and the Brazil Current (BC). The major
vegetation type of northeast Brazil is
caatinga (primarily xerophytic thorn
shrub), which is bordered by cerrado
(savannah) to the west and Atlantic
rainforest along the coastal stretch.
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bonate to lithogenic deposition (11). After

this initial increase, Fe/Ca and Ti/Ca ratios

then gradually decreased toward the end of a

Heinrich event. In contrast, the C
org

content

in our cores gradually increases from about

0.5% to 2.7% during Heinrich events, with

a maximum near their ends d13C
org

de-

creased from values between –20 per mil (°)

and –21°, indicating its marine origin (12),

to values between –23° and –24°. The 3°

decrease of d13C
org

indicates a substantial

contribution of terrestrial organic matter

(OM) (Figs. 2 and 3). The latter may consist

of plant, soil, and plankton, which has a

d13C
org

that is almost similar to but distinctly

different from that of marine OM (13). d15N

gradually decreased from about 10° to

5.5° in GeoB 3912-1 and from about 13°

to 4.5° in GeoB 3911-3 toward the end of

an event.

Variations in d15N should reflect changes

in OM source and quality, with high values

denoting high degrees of OM degradation

during times of normal sedimentation and

the onset of Heinrich events (14). Increased

contribution of terrestrial plant materials,

which meet part of their nitrogen demand

by atmospheric nitrogen fixation (d15N 0
0°), and less degradation of the OM may

have led to the lower d15N values observed

during YD and Heinrich events. In conjunc-

tion with decreasing d13C
org

, the subsequent

shift of d15N toward values observed in

modern riverine and mangrove sediments

indicates an increasing contribution of less

degraded OM, mainly of terrestrial origin.

The fluxes and composition of pollen and

fern spores generally display a similar dis-

tribution. Pollen influx gradually increased

from G10 grains cmj2 yearj1 in the begin-

ning of Heinrich events to a maximum

of 60 grains cmj2 yearj1 in the second half

of H1 (10). Fern spore fluxes indicate a

successional vegetation pattern. Moss fern

(Selaginella) fluxes increased rapidly during

the first half and then decreased gradually

toward the end of H1. In contrast, tree fern

fluxes increase gradually from minimal flux

in the beginning to a maximum in the end of

H1. The lacustrine pollen record from Lagoa

do Ca0F displays a similar pattern. Taxa re-

flecting rapid reforestation in response to in-

creased moisture were found at about 16

calendar kyear B.P. (15), not exactly at the

same time we found maximum pollen and

fern spore fluxes and terrigenous OM in our

cores but also considerably lagging the onset

of H1 (Figs. 2 and 3).

The internal sedimentation pattern during

Heinrich events indicates an asynchrony

between the response of marine and terres-

trial ecosystems to rapid millennial-scale

changes. On the basis of an observed in-

crease of Fe/Ca and Ti/Ca ratios, the Heinrich

events as a whole were previously thought

to be periods of increased input of terrige-

nous materials resulting from increased

precipitation and river discharge (9). Our

newly obtained biogeochemical and stable

isotope data, in combination with previous

findings, allow us to better resolve the

deposition history of these millenial-scale

oscillations. In the beginning of such a

Heinrich-type event, increased precipitation

along the continental margin of northeast

Brazil led to an initial outwash of exposed

shelf sediments and increased river inputs of

eroded topsoil, both poor in OM (16). This

erosion period is indicated by high Fe/Ca

and Ti/Ca ratios and low OM and pollen

contents observed in our cores. Only pioneer

vegetation like moss ferns, with a peak flux

in the middle of H1, grew during this phase.

Subsequently, the vegetation cover, includ-

ing regionwide development of gallery and

floodplain rainforests and montane forest,

slowly expanded, stabilized the soil, and

reduced erosion of OM-depleted mineral

matter in the second half of H1. This ex-

pansion is indicated by the peak fluxes of

tree fern spores and pollen in the second half

of H1 (Fig. 2). In the second half of these

wet periods, the enhanced production of

fresh terrestrial OM and increased discharge

of the rivers directly on the continental slope

led to the observed high OM, pollen, and

fern spore contents and low d13C
org

and d15N

in our cores.

We infer that the successional pattern

from marine to terrigenous sedimentation

within the pulses is a consequence of a time

lag, on the order of 1000 to 2000 years,

between the onset of rapid millennial-scale

changes and the response of the continental

bio- and geospheres. Our record preserved

terrestrial as well as marine signals of climate

change. It has an advantage over the tradi-

tional correlation of terrestrial with marine

climate archives by avoiding chronology

problems that become fundamental when

correlating high-frequency records of climate

change over great distances (17). The time lag

we postulate cannot be just the transit time

from the terrestrial source of the material to

its marine sink for the following reasons.

First, if the expansion of vegetation cover

and increased fluvial input of eroded soil rich

in the freshly produced plant OM were

coeval with the rapid hydrological changes,

Fig. 2. Multiproxy sed-
imentation patterns of
core GeoB 3104-1/GeoB
3912-1 from the past
85 kyear. Core GeoB
3912-1 extends the 48-
kyear B.P. record of core
GeoB 3104-1 to 86
kyear B.P. (9). Accel-
erator mass spectrom-
etry (AMS) 14C ages
(black arrows) (9) and
stratigraphic correlation
with the Spectral Map-
ping Project (SPECMAP)
d18O stack were used
for age control. Time
resolution of core GeoB
3104-1/3912-1 is about
200 years. (A) Moss fern
(dashed line) and tree
fern (solid line) spore
fluxes in core GeoB
3104. (B) Pollen influx
in core GeoB 3104-1
(10). (C) d15N of core
GeoB 3912-1, given in
° versus atmospheric
air. (D) d13Corg of core
GeoB 3912-1, given in
° versus pee dee bel-
emnite (PDB). (E) Corg

content of core GeoB
3912-1. (F) Fe/Ca ratio
of core GeoB 3912-1
(9). Timing of YD based
on (33); H1 to H5, (35);
and H6 to H8, (36).
Shaded areas repre-
senting sedimentation
pulses coincident with
the YD and H1 to H8 are defined according to drastic changes in the Fe/Ca ratio.
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we should have observed a peak of terrestrial

OM in the beginning of the Heinrich events.

Second, Fe/Ca and Ti/Ca ratios reflecting the

input of lithogenics should have been high

throughout the whole Heinrich event if there

was no regulation by the increasing vegeta-

tion cover that gradually stabilized the soil

and reduced erosion. Third, if the observed

pattern were simply an artifact of material

transport, the rise of pollen in the Lagoa do

Ca0F record should have preceded and not

lagged that of our marine core.

The postulated time lag in our regional-

scale example is much longer than the eco-

logical response to recent climate change,

which can be in the range of decades (18). It

is also much longer than a time lag of a few

decades postulated for the response of

tropical vegetation to abrupt climate changes

during the last deglaciation and derived from

sedimentary records of climate and bio-

marker proxies in the Cariaco Basin (7).

The reason for this apparent contradiction

may lie in the difference of the prevailing

climate and hydrology in the two regions.

Like in the late Pleistocene, northeast Brazil

currently is characterized by a semi-arid

climate and caatinga vegetation (10). The

dry period of about 8 months does not allow

the development of rainforests that cannot

survive a dry period longer than 4 months. It

is conceivable that in the beginning of

Heinrich events precipitation intensity rapid-

ly increased during the rainy austral summer

but not throughout the whole year. This first

promoted erosion of the bare landscape.

Subsequently, the seasonality of rainfall

may have shifted toward a dry period shorter

than 4 months, eventually allowing a region-

wide expansion of wet forests. In the Cariaco

Basin watershed, with its lowland and mon-

tane rainforest vegetation, annual precipita-

tion is much higher and the contrast between

dry and wet seasons less pronounced than in

northeast Brazil. This would explain the

almost immediate ecological response to

climate change in the range of decades for

the deglacial period in the Cariaco Basin

watershed (7).

A detailed look at the differences in the

amplitude of changes among Heinrich events

provides further insight into the response of

terrestrial and marine ecosystems to climate

change. We found the maximum amplitude

of changes during the longest lasting events,

H1 and H6, in our cores. Pollen and fern

spore fluxes are much lower during the

shorter events, H2 to H5, and in the case of

H5 they are out of phase with the other

records. Low pioneer vegetation like moss

ferns developed during all Heinrich events.

Wet forests including tree ferns, however,

could expand only during H1, as indicated

by high fluxes during H1 and otherwise

low fluxes of tree fern spores (Fig. 2). Our

findings indicate that the magnitude of

events H2 to H5, despite an overall increase

in annual precipitation, may have been too

small for a change of the seasonal distribu-

tion and thus the regionwide expansion of

wet forests in northeast Brazil. Assuming

that the abrupt vegetation change following

deglacial climate change observed in Cariaco

Basin sediments (7), which is in accordance

with present-day observations (18), reflects

the true ecological response to climate

change, we infer that the delayed response

of the continental bio- and geospheres to

rapid millennial-scale climate changes ob-

served in our cores results from the nature of

hydrological changes affecting the seasonal

rainfall pattern.

Both data and modeling studies have

shown that phases of abrupt climate change

coinciding with the Heinrich events known

from the North Atlantic were phases of

increased humidity and precipitation in

tropical South America. A southward dis-

placement of the ITCZ and enhanced north-

east trade winds were suggested to be the

source of moisture (15, 19, 20). Drier El

NiDo–like conditions in the Cariaco Basin

watershed have been inferred for the late

Holocene. These were ascribed to a south-

ward migration of the ITCZ in consequence

of warmer surface water in the equatorial

Pacific and Atlantic like that currently ob-

served during El NiDo events (21). Warming

of the western tropical Atlantic is also indi-

cated for the YD and H1 (22, 23). Therefore,

it is most likely that the moisture brought to

northeast Brazil during times of Heinrich

events resulted from the southward displace-

ment of the ITCZ and enhanced northeast

trade winds (24).

These findings have important implica-

tions for the reconciliation of terrestrial and

marine paleoclimate records and their use for

the prediction of consequences of future cli-

mate change. In accordance with present-day

observations of the ecological response to

climate change (18), our findings underscore

the importance of regional factors over

approximated global averages in this respect

for the recent past. Regional climate and

hydrology have to be considered a major

factor in determining the ecological response

to rapid-scale climate change. This has to be

taken into account when terrestrially derived

proxies are used for the interpretation of

paleoclimate records.

Fig. 3. Multiproxy sedimentation
patterns of cores GeoB 3104-1/
GeoB 3912-1 (red lines) and GeoB
3911-3 (blue lines) from the past 21
kyears compared with other paleo-
climate indicators. AMS 14C ages
(blue arrows) (9) were used for age
control in core GeoB 3911-3. Time
resolution of core GeoB 3911-3 is
about 60 years. (A) Moss fern
(dashed line) and tree fern (solid
line) spore fluxes in core GeoB 3104.
(B) Pollen influx in core GeoB 3104-1
(left axis) and percentage of arboreal
pollen (black line, right axis) in the
lacustrine record of Lagoa do Caçó
(15), northeast Brazil. (C) d15N of
core GeoB 3912-1, given in ° versus
atmospheric air. (D) d13Corg of core
GeoB 3912-1, given in ° versus
PDB. (E) Corg content of core GeoB
3912-1. (F) Fe/Ca ratio of core
GeoB 3912-1 (9).
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Seismological Constraints on
Core Composition from

Fe-O-S Liquid Immiscibility
George Helffrich1* and Satoshi Kaneshima2

Earth’s core is composed primarily of iron (Fe) with about 10% by weight of
lighter elements. The lighter elements are progressively enriched in the liquid
outer core as the core cools and the inner core crystallizes. Thermodynamic
modeling of Fe-O-S liquids shows that immiscible liquids can exist at outer-core
pressures (136 to 330 gigapascals) at temperatures below 5200 kelvin and lead
to layering in the outer core if the concentrations of the lighter elements are high
enough. We found no evidence for layering in the outer core in the travel times
and wave forms of P4KP seismic waves that reflect internally in the core. The
absence of layers therefore constrains outer-core compositions in the Fe-O-S
system to be no richer than 6 T 1 weight % (wt %) O and 2 to 15 wt % S. A
single core liquid composition of 10.5 T 3.5 wt % S and 1.5 T 1.5 wt % O is
compatible with wave speeds and densities throughout the outer core.

The outer core is composed of liquid iron

mixed with about 10 wt % lighter elements

(1–3). Although these elements are a minor

constituent by weight, they may affect the

dynamic behavior of the core. The light

elements may control the rate of cooling,

the type of crystallization, and the final com-

position of the solid inner core (4, 5).

Partitioning of the light elements between

the inner core and the liquid outer core af-

fects the gravitational potential energy avail-

able to power the geodynamo as well (6, 7).

Liquid immiscibility occurs widely in iron-

rich liquid systems and is the physical basis for

the smelting process. In iron-bearing systems

such as Fe-O-S, Fe-C-S, and Fe-Si-S, one of

the two coexisting liquids is rich in Fe, whereas

the other is richer in S or O (4, 8, 9). The liquid

densities differ appreciably, leading to buoy-

ant separation and stratification in the system.

As the core cools and the inner core crys-

tallizes, enriching the outer core in the light

element because it preferentially partitions

into the liquid phase, immiscibility might also

develop. The differences in the properties of

the liquid could lead to layering in the core,

and seismic analysis may be able to detect this

layering. There is already suggestive seismic

evidence of layering (10–12). To establish

whether layering is possible, we need to

determine whether immiscibility exists under

core conditions, how thick the liquid layer

might be, and what the densities and wave

speeds in these liquids are.

To estimate layer thickness, we assume a

mass-balance model of inner-core crystalliza-

tion similar to that described in (6). The den-

sity jump Dr
ICB

at the inner core–outer core

boundary is between 0.5 and 1.6 Mg mj3,

with values of G1.0 Mg mj3 most probable

(13–15). This density increase reflects two

processes: contraction from the liquid to the

solid form and exclusion of the light element

from the inner core_s crystalline structure.

Quantum-mechanical calculations of the prop-

erties of Fe at core conditions indicate that

0.21 Mg mj3 of Dr
ICB

is due to solid con-
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