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Dust plays a critical role in Earth’s climate system and 
serves as a natural source of iron and other 
micronutrients to remote regions of the ocean. We have 
generated records of dust deposition over the past 500,000 
years at three sites spanning the breadth of the equatorial 
Pacific Ocean. Equatorial Pacific dust fluxes are highly 
correlated with global ice volume and with dust fluxes to 
Antarctica, suggesting that dust generation in 
interhemispheric source regions exhibited a common 
response to climate change over late-Pleistocene glacial 
cycles. Our results provide quantitative constraints on the 
variability of aeolian iron supply to the equatorial Pacific 
Ocean and, more generally, on the potential contribution 
of dust to past climate change and to related changes in 
biogeochemical cycles. 

Dust affects climate, both directly by altering the radiation 
budget of the atmosphere (1) and indirectly by influencing the 
biological uptake of CO2 by the oceans (2) and the exchange 
of radiatively active gases with the atmosphere (3). Thus, dust 
may have been an important player in climate change in the 
past, and potentially one in the future. Evidence that glacial 
dust deposition at high latitudes was as much as a factor of 25 
higher than during interglacial periods comes from polar ice 
core records [e.g., (4)]. However, research on the role of dust 
in the past has been hampered by the scarcity of well-resolved 
internally consistent records of dust deposition at low 
latitudes (5), where changes may have important impacts on 
marine biogeochemistry (6), surface radiation (7) and the 
hydrological cycle (8). 

Because of the potential importance of dust in forcing 
climate change, considerable effort is now devoted to 
including dust-generating processes in climate models (9–11). 
Complementary modeling endeavours to simulate the impact 
of dust deposition on marine biota, nutrient cycles and 
atmospheric CO2 (6, 12). These impacts appear to be 
particularly important in High Nutrient – Low Chlorophyll 
regions, where concentrations of nutrients are high, yet 
chlorophyll, or primary production, is low, such as the 
equatorial Pacific Ocean. Phytoplankton growth in the 

equatorial Pacific has been shown to be limited by iron 
supply (13). Because aeolian dust is a significant source of 
iron, changes in dust input have the potential to affect the 
ecosystem structure and carbon cycle in this iron-limited 
region. 

Efforts to quantify dust-related impacts on climate and 
ocean biogeochemistry in the equatorial Pacific region have 
been limited by uncertainty as to the magnitude and even sign 
of glacial-interglacial dust flux changes. Several studies have 
reported increased dust fluxes during interglacial periods 
(14), or dust fluxes unrelated to glacial-interglacial cycles 
(15). Others have found dust accumulation maxima during 
glacial periods, as recently shown along short meridional 
transects in the eastern (16) and central (17) equatorial Pacific 
Ocean. 

Here, we present a reproducible and self-consistent 
reconstruction of the aeolian dust flux across the equatorial 
Pacific, from the eastern equatorial Pacific (ODP site 849; 
110.5°W, 0.2°N), across the central equatorial Pacific 
(TTN013-PC72; 0.1°N, 139.4°W) to the western equatorial 
Pacific (ODP site 806; 159.3°E, 0.3°N, RC17-177; 159.5°E, 
1.75°N) (Fig. 1) (18). We use common thorium (232Th), a 
trace element enriched in continental crust and low in basaltic 
volcanic material, as a tracer for lithogenic material which, in 
remote regions in the Pacific Ocean, is predominantly derived 
from aeolian dust supply (14). A survey of circum-Pacific 
dust and loess data (16) shows that 232Th concentrations in 
potential dust source areas fall within 1 ppm of the average 
concentration of upper continental crust (10.7 ppm) (19). The 
validity of 232Th as a dust proxy is supported by the linear 
relationships at three of our sites between 232Th and 
terrigenous 4He (Fig. S1), an independent proxy for the 
lithogenic component which has been successfully used to 
reconstruct dust fluxes in marine sediments (20, 21). Because 
232Th data are available at much higher resolution than 4He in 
our cores, we focus here on 232Th. 

We evaluated dust fluxes by normalizing 232Th 
concentrations to 230Th. This approach relies on the 
observation that the flux of 230Th to the seafloor 
approximately equals its known production rate from U decay 

Covariant Glacial-Interglacial Dust Fluxes in the Equatorial Pacific and Antarctica 
Gisela Winckler,1* Robert F. Anderson,1,2 Martin Q. Fleisher,1 David McGee,1,2 Natalie Mahowald3 
1Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY 10964, USA. 2Department of Earth and 
Environmental Sciences, Columbia University, New York, NY 10027, USA. 3Department of Earth and Atmospheric Sciences, 
Cornell University, Ithaca, NY 14853, USA. 

*To whom correspondence should be addressed. Email: winckler@ldeo.columbia.edu 



 

 / www.sciencexpress.org / 28 February 2008 / Page 2 / 10.1126/science.1150595 

in the overlying water column thereby allowing the flux of 
any sedimentary constituent to be estimated from the ratio of 
the concentration of the constituent to that of 230Th [corrected 
for decay and detrital 230Th, (18)]. There is currently an 
intense debate over the best approach to determine fluxes in 
marine sediments (22, 23). Equatorial Pacific dust fluxes 
presented here exhibit excellent internal consistency across a 
wide geographical region and very different productivity 
regimes, as well as consistency with global ice volume and 
with dust fluxes from Antarctica (see below). The lack of 
consistency among earlier records reflects, in part, the limited 
age resolution of many previous records. In addition, variable 
preservation of CaCO3 in equatorial Pacific sediments may 
have introduced systematic errors in δ18O-based age models. 
The use of 230Th-normalization greatly reduces the sensitivity 
of derived fluxes to such errors and this contributes to the 
consistency among the dust flux records presented here. 

Following conversion to dust mass fluxes by dividing by 
the average 232Th concentration of upper continental crust 
(10.7 ppm) (19), our 232Th-based Holocene dust fluxes can be 
cross-calibrated with modern observations from sediment trap 
studies (Table 1). Agreement between our estimates of 
Holocene dust fluxes and the sediment trap fluxes, derived 
from independent proxies, is excellent, both with respect to 
absolute fluxes and the observed West-East gradient. The 
West-East gradient in dust fluxes is also consistent with in 
situ observations of dust fluxes by aerosol collection (24). 

Dust fluxes in the central and eastern equatorial Pacific are 
comparable, with slightly higher fluxes at the central Pacific 
location (Table 1, Fig. 1). Dust fluxes at two locations in the 
western Pacific, both on (ODP site 806) and off (RC17-177) 
the equator, are similar to one another and are consistently a 
factor of 3.5 higher than in the central and eastern regions. 

Throughout the past 5 glacial cycles, dust fluxes at all sites 
show striking correlation with δ18O of foraminifera, which 
primarily tracks global ice volume (25). The amplitude of 
glacial-interglacial variations in dust fluxes, derived by 
comparing maximum (glacial) to minimum (interglacial) 
232Th fluxes (table S3), is consistent among all four locations, 
with glacial dust fluxes about a factor of 2.5 higher than 
interglacial fluxes. This indicates relatively uniform 
glacial/interglacial changes in dust regimes throughout the 
entire equatorial Pacific region, independent of the absolute 
dust flux levels. 

The dust flux record from the equatorial Pacific is closely 
correlated to the dust flux reconstruction from Dome C in 
Antarctica (4) (Fig. 2). While the dust flux levels are much 
lower in Antarctica than in the tropics and the relative glacial-
interglacial variability of the tropical records is an order of 
magnitude smaller than for the polar record, the records show 
very similar behavior over five glacial cycles. Both records 
show the same rapid changes, such as the dust flux decrease 

over the last glacial termination. Even suborbital signals such 
as increased dust flux during Marine Isotope Stage (MIS) 4 
and the reversal in MIS 7 covary in the tropics and 
Antarctica. 

The excellent correlation between dust fluxes recorded in 
the tropics and in Antarctica is particularly stunning given 
that the records from the two regions are based on different 
paleoarchives, and consequently independent age models, as 
well as different dust measures. Furthermore, the records 
represent at least three distinct source areas. Previous studies 
have found that most of the dust deposited in the western and 
central equatorial Pacific originates in Asia (24, 26, 27) while 
the dust deposited in the eastern equatorial Pacific is 
dominantly derived from sources in northern South America 
(27, 28). Support for this source distribution comes from the 
regional patterns in the 4Heterr - 232Th characteristics (fig. S1) 
which point to similar dust sources for the west and central 
Pacific, but suggest a distinct dust source for the Eastern 
Pacific. The lower 4Heterr/232Th ratios at the eastern site are 
consistent with a dominant influence from a younger (4He-
poor) dust source of northern South America. The dominant 
source for dust reaching Antarctica is Patagonia (29). 

The similar glacial-interglacial amplitude in deposition of 
dust from Asia (as seen in the western and central equatorial 
Pacific) and northern South America (as recorded in the 
eastern equatorial Pacific site) indicates quantitatively similar 
environmental responses to climate variability by dust 
mobilization processes in these low- and mid-latitude climate 
regions. Local processes affecting dust production appear to 
be subsidiary. In contrast, the much larger glacial dust flux 
increase in Antarctica (i.e., increase by a factor of 25 in 
Antarctica vs. a factor of 2.5 in the tropical Pacific) suggests 
that local processes in Patagonia may have amplified dust 
generation in this source region. Specifically, the advance of 
the Patagonian ice sheet during glacial periods, which 
increased glacial erosion and deposition of fine-grained 
glaciogenic sediments in extensive outwash plains, provided 
enhanced availability of dust to be exported to Antarctica 
(30). This ice sheet-driven amplifier of dust production is less 
relevant for tropical and mid-latitude dust sources due to the 
absence or limited size of ice sheets in these regions. 

Three factors have been identified to explain higher dust 
fluxes in glacial periods compared to interglacials: a less 
vigorous hydrological cycle resulting in reduced wash-out, 
increased glacial wind intensities leading to increased dust 
entrainment, and expanded dust source areas [see (31) for 
review]. Although there is uncertainty concerning the 
complex interplay of the factors influencing dust generation 
in any particular region, we infer from the synchronous 
changes in dust fluxes seen in our records that in each of the 
source areas, i.e. Asia, northern South America and 
Patagonia, the dominant processes regulating dust generation 
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experienced a coherent response to global climate change. 
This response is consistent with other significant glacial-
interglacial environmental changes, such as the near-
synchronous interhemispheric termination of the last 
glaciation inferred from temperate mountain glacial records 
(32). By this scenario, the consistent dust flux variations 
among different source regions suggests that the 
interhemispheric synchronicity is not limited to the last 
termination but extends back over at least the last 5 glacial 
cycles. 

The need for deeper understanding of the processes that 
regulate dust generation and transport is demonstrated by the 
discrepancies between measured dust fluxes and several state-
of-the-art model simulations (Table 1, Fig. 3). Improvement 
to models over the past decade have brought modelled dust 
fluxes into the appropriate magnitude ranges for the 
equatorial Pacific. However, most models predict dust fluxes 
that are either relatively uniform zonally or, as for the most 
recent simulation (11), increase from West to East, in stark 
contrast to the strong 3.5-fold West-to-East decrease in 232Th-
based dust fluxes. 

Discrepancies are even more apparent for the models 
simulating climate conditions at the Last Glacial Maximum. 
Earlier models (9) inferred LGM/modern dust flux ratios 
ranging from 12 to 105, greatly exceeding our 
glacial/interglacial dust flux ratio of 2.5, while a more recent 
dust simulation (11) produced dust fluxes during the LGM 
that are lower than under modern conditions, at odds with 
greater glacial dust fluxes inferred from the sediment records. 
The newer model (11) also produces LGM dust fluxes that 
increase from West to East by about a factor of 6, in strong 
contrast to the observed 3.5-fold decrease in our 232Th-based 
reconstruction. 

Research on the role of tropical dust in climate variability, 
as well as in climate-related changes in marine ecosystems 
and biogeochemical cycles, has been limited until now by the 
lack of internally consistent well-resolved records of dust 
flux. Results presented here should help to better constrain 
models of dust generation and transport. 
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Fig. 1. Correlation of 232Th fluxes (red; reverse scale) with 
global ice volume, as traced by the oxygen isotopic 
composition of foraminifera (black), for: (A) ODP site 849 
from the eastern equatorial Pacific [Th isotope data from this 
study; benthic δ18O from (33)], (B) TTN013-PC72 in the 
central equatorial Pacific [Th isotope data are from (17) and 
from this study; benthic δ18O from (15)], (C) ODP site 806C 
and RC17-177 in the western equatorial Pacific [Th isotope 
data are from (34), planktonic δ18O from (35)]. 232Th fluxes 
are highest at maximum glacial conditions (as indicated by 
maximum δ18O) and lowest at minimal ice coverage. The 
limited resolution of the records does not allow us to decipher 
a lead-lag relationship between dust flux and ice volume 
change at terminations. 

Fig. 2. Covariance of dust fluxes to the equatorial Pacific 
(TTN013-PC72; red) and Antarctica (EPICA site Dome C; 
black). Dust fluxes at Dome C have been compiled from dust 
concentration data (4) and accumulation rates, derived from 
the new timescale EDC3 (36). Note that both records are 
plotted on their individual timescales [EDC3 (36) for the 
Dome C record; δ18O-derived age model (15) for TTN013-
PC72]. Marine isotope stages (MIS) are indicated along the 
right age axis. 

Fig. 3. Zonal gradients in dust fluxes across the equatorial 
Pacific from various recent model simulations (solid lines) 

and observations from sediment cores and traps (triangles). 
Model results are listed in chronological order of their 
publication: ECHAM3 [black, (9)], MATCH [pink, (39)], 
Composite [blue, (3)], and CCSM-SOMB [olive, (11)]. The 
West-East decrease in the observations is not reflected by 
most dust models, and is reverse to the strong West-East 
increase in the most recent model simulation (11). 



Table 1. Observation- and model-based estimates of dust fluxes to the Equatorial Pacific. 

Source of dust flux 
estimate 

Western Eq. 
Pac. (160˚E) 
[g m–2 yr–1] 

Central Eq. 
Pac.  (140˚W) 

[g m–2 yr–1] 

Eastern Eq. 
Pac. (110˚W) 
[g m–2 yr–1] Reference 

MODERN 
Observations 

232Th-derived dust flux 
(Holocene) 

0.55 0.16 0.13 This study 

Sediment trapa 0.84   (37) 
Sediment trapb  0.15  (38) 

Model simulations 
TM3/ECHAM3 0.0098 0.0037 0.0089 (9) 
TM3/ECHAM4 0.0325 0.0196 0.0211 (10) 
MATCH 0.059 0.05 0.043 (39) 
Compositec 0.107 0.123 0.116 (3) 
CCSM-SOMB 0.098 0.34 0.59 (11) 

LGM 
Observations 

232Th-derived dust flux 
(LGM) 

1.37 0.40 0.30 This study 

Model simulations 
TM3/ECHAM3 0.119 0.39 0.71 (9) 
TM3/ECHAM4 0.049 0.056 0.106 (10) 
CCSM-SOMBLGMT 0.060 0.336 0.411 (11) 
a Calculated using terrigenous = total – carbonate – opal – 1.8*organic C (≈organic matter) 
b Calculated from Ti fluxes, assuming [Ti] = 0.3% in terrigenous fraction 
c Composite model, based on several dust models.  

 
 








