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Southern Ocean dust–climate coupling over the past
four million years
AlfredoMartı́nez-Garcia1,2,3, AntoniRosell-Melé3,4,5, Samuel L. Jaccard1,WalterGeibert6,7, DanielM. Sigman8&GeraldH.Haug1,2

Dust has the potential to modify global climate by influencing the
radiative balance of the atmosphere and by supplying iron and
other essential limitingmicronutrients to the ocean1,2. Indeed, dust
supply to the Southern Ocean increases during ice ages, and ‘iron
fertilization’ of the subantarctic zone may have contributed up to
40 parts per million by volume (p.p.m.v.) of the decrease (80–100
p.p.m.v.) in atmospheric carbon dioxide observed during late
Pleistocene glacial cycles3–7. So far, however, the magnitude of
Southern Ocean dust deposition in earlier times and its role in
the development and evolution of Pleistocene glacial cycles have
remained unclear. Here we report a high-resolution record of dust
and iron supply to the Southern Ocean over the past four million
years, derived from the analysis of marine sediments from ODP
Site 1090, located in the Atlantic sector of the subantarctic zone.
The close correspondence of our dust and iron deposition records
with Antarctic ice core reconstructions of dust flux covering the
past 800,000 years (refs 8, 9) indicates that both of these archives
record large-scale deposition changes that should apply to most of
the Southern Ocean, validating previous interpretations of the ice
core data. The extension of the record beyond the interval covered
by the Antarctic ice cores reveals that, in contrast to the relatively
gradual intensification of glacial cycles over the past three million
years, Southern Ocean dust and iron flux rose sharply at the Mid-
Pleistocene climatic transition around 1.25 million years ago. This
finding complements previous observations over late Pleistocene
glacial cycles5,8,9, providing new evidence of a tight connection
between high dust input to the Southern Ocean and the emergence
of the deep glaciations that characterize the past one million years
of Earth history.
The scarcity of iron reduces marine export production and carbon

uptake in one-quarter of the world ocean where the concentration of
major nutrients (phosphorus and nitrogen) is perennially high10

(Fig. 1). The Southern Ocean is the region where variations in iron
availability can have the largest effect on Earth’s carbon cycle through
its fertilizing effect on marine ecosystems.
In themodern SouthernOcean, deep oceanwaterswithhighCO2 and

nutrient content are brought to the surface by wind-driven upwelling
and density-driven overturning. However, the scarcity of iron reduces
phytoplankton growth1,10, and major nutrients are returned to the sub-
surface before they are fully consumed. This incomplete utilization of
nutrients represents an important leak in the modern global biological
pump because it allows the escape of deeply sequestered carbon back to
the atmosphere, thereby raising atmospheric CO2 levels6. Today, the
Antarctic zone is the greater part of the Southern Ocean CO2 leak,
because of its extremely low degree of surface nutrient consumption
and its ventilation of the abyssal ocean. The subantarctic zone, further
north in the Southern Ocean, is characterized by greater nutrient con-
sumption and ventilates the somewhat smaller volumeof themid-depth
ocean. However, its nutrient status affects the productivity of the low

latitude ocean, with repercussions for low-latitude CaCO3 production
and for the partitioning of regenerated carbon storage between themid-
depth and deep ocean. Thus, both theAntarctic zone and the subantarc-
tic zone are potentially important for glacial/interglacial CO2 change6,7.
We first focus on the Antarctic zone. An increase in the efficiency of

the global biological pump can be accomplished either by decreasing
the physical cycling of deep water through the surface of the Antarctic
zone11 or by increasing the degree to which Antarctic zone surface
nutrients are consumed by marine organisms (for example, as a result
of an increase in the availability of iron relative to other nutrients6,12).
Data and models have been used to argue that the Antarctic was more
strongly stratified during ice ages, reducing the Antarctic leak in the
biological pump6,12. Because Antarctic major nutrient and iron supply
come from upwelled water, productivity in the Antarctic zone would
probably decline during ice ages in step with stratification, consistent
with most Antarctic productivity data4. Nevertheless, the greater the
input of aeolian iron, the greater the degree of nutrient consumption is
expected for a given increase in Antarctic stratification, because the
dust input raises the total iron supply to the surface ocean relative to
the input of major nutrients and excess CO2 from below6,7. Thus, dust
input to the Antarctic is a central regulator of how completely the
Antarctic CO2 leak can be sealed during ice ages, regardless of whether
productivity increased or decreased in the region.
Second, we consider the subantarctic zone. This zone, unlike the

Antarctic, is characterized by higher productivity during ice ages4,5,13.
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Figure 1 | Location of ODP Site 1090, world ocean surface nitrate
concentrations, and wind direction. ODP Site 1090, the source of the
sediment cores used in this study, is located at 42u 54.59 S, 8u 54.09E, at 3,702m
depth.Nitrate concentrations are from the ElectronicAtlas of theWorldOcean
Experiment. Black arrows are schematic representations of atmospheric
convection cells and wind directions. EQ, Equator.
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This suggests a conceptually simpler mechanism than in the Antarctic
zone by which dust-driven iron fertilization of the subantarctic zone
may have lowered atmospheric CO2, with the increase in subantarctic
zone productivity consuming a greater fraction of the surface nutrients
and thus driving more storage of carbon in the ocean interior. The
subantarctic zone is one of the best candidates for aeolian iron
fertilization, because it falls in the same latitude as the major
Southern Hemisphere dust sources, and is on the wind path from
them3,6. Further, there is evidence that natural aeolian iron deposition
enhances marine export production in the modern subantarctic
zone14. Palaeoceanographic data appear to constrain its effect to a
maximum of 40 p.p.m.v. of the atmospheric CO2 decrease observed
in the last glacial cycle, because a significant increase in dust fluxes and
marine export production in the subantarctic zone is only observed in
the transition from marine isotope stage (MIS) 5 to MIS 4, when
atmospheric CO2 concentrations are already around 40–50 p.p.m.v.
lower than during the interglacial periods3–7. A CO2 drawdown of
#40 p.p.m. from subantarctic zone iron fertilization is consistent with
estimates obtained using geochemical box models and Earth system
models, which inmost cases range between 20 and 40 p.p.m.v. (see refs
3, 7, 15–18 and Supplementary Information).
The ice core reconstruction generated by the EPICA project8,9 has

provided a unique record with which to test dust–climate interactions
in the Southern Ocean over the past 800,000 years (Fig. 2d). However,
ice core records only allow an indirect inference of the supply of dust
and iron to the ocean, and it is unclear how far back in time they can be
extended19. Here we report a high-resolution dust and iron record
from the subantarctic Atlantic spanning the past four million years
(4Myr), which provides the first insights into the variability of
Southern Ocean dust deposition through the major climatic transi-
tions of the Pliocene and Pleistocene epochs.
The record is based on the combined analysis of independent

organic (n-alkanes) and inorganic (Fe, Ti and 232Th) dust proxies in

marine sediments from ODP Site 1090 (Fig. 1). Long-chain n-alkanes
are lipid constituents of the epicuticular wax layer of terrestrial plants.
These terrestrial lipids are eroded from leaf surfaces and soils by winds
and transported in the organic fraction of aeoliandust over the ocean20.
In our record, there is a clear predominance of long-chain n-alkanes
with odd carbon numbers over those with even carbon numbers, over
the Pliocene and Pleistocene epochs. This is representative of inputs of
leaf waxes from terrestrial plants transported bywind20, supporting the
interpretation of the record in terms of changes in dust deposition
through time5. Fe, Ti and 232Th are elements with a well-characterized
lithogenic origin. Hence, their concentration in marine sediments can
be used to quantitatively estimate variations in the supply of wind-
borne lithogenic material to remote areas of the ocean where other
sources of continental material are negligible5,13,21 (see Supplementary
Information). The consistency among the different dust tracers
measured in ODP Site 1090 and their excellent correlation with the
dust deposition record from the Antarctic ice cores over the past
0.8Myr (Fig. 2d) indicate that they are faithful recorders of changes
in the supply of dust, and hence of iron, to high southern latitudes
through time. This subantarctic zone/ice-core agreement in dust flux
history also validates the long-held assumption that the ice core
records reflect the pattern of dust fluxes to the SouthernOcean surface.
A difference in themagnitude of the glacial–interglacial change of dust
flux between ocean sediment and polar ice core records has been noted
previously5,8. We note a similar difference here, with our record indi-
cating a smaller glacial–interglacial change comparedwith the changes
of more than an order of magnitude indicated by the Antarctic ice
cores (Fig. 2d). This difference is probably due to variations in the
efficiency of dust transport mechanisms to the Antarctic continent
during glacial stages8.
Our record reveals that, on orbital timescales, Southern Ocean dust

deposition has been exponentially linked to global ice volume changes
through the Pliocene and Pleistocene epochs (Fig. 2). Major steps in
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Figure 2 | Global ice volume, dust and iron deposition in the Southern
Ocean since 4Myr ago. a, Lisiecki and Raymo (LR04) benthic d18O stack28.
b, c, Mass accumulation rates (MARs) of n-alkanes (b) and iron (c) at ODP Site
1090. Both records are plotted on a reversed logarithmic scale to emphasize the

exponential relationship with the benthic d18O record. d, Expanded view of
iron variability over the past 800 kyr at ODP Site 1090 (red line), plotted
together with dust flux estimates in the Antarctic ice core fromEPICADome C
(EDC; black line)8.
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dust deposition coincide with the twomajor climatic transitions of the
Pliocene–Pleistocene, indicating a pervasive link between Southern
Ocean dust and Northern Hemisphere glaciations.
The first significant rise in ice-age dust and iron deposition is

observed around 2.7Myr ago, coinciding with the initiation of major
glaciations in the Northern Hemisphere (Figs 1 and 2). The develop-
ment of large, perennial Northern Hemisphere ice sheets around
2.7Myr ago represents a milestone in climate evolution that marks
the end of the relatively stable Pliocene warm period and the emer-
gence of strong feedbacks in the climate system that characterize
Quaternary climate oscillations. Although Earth’s orbital configura-
tion favoured the initiation of regional glaciations, a decrease in atmo-
spheric CO2 concentrations may be required to initiate and sustain
larger glaciations22. Data from the Antarctic zone and the subarctic
North Pacific suggest that a transition towards permanent polar ocean
water-column stratification identified around 2.7Myr ago may have
been a key driver of this CO2 decline23. Our data indicate that Antarctic
zone stratification may have been reinforced by an increase in iron
supply to the Southern Ocean during glacial stages after 2.7Myr ago,
and a similar dynamicmay have applied to the subarctic North Pacific.
During the Pliocene, meridional temperature gradients were rela-

tivelyweak, and the tropical warmpoolwas apparentlymore expansive
than today24,25. This climate state resulted in relatively weak atmo-
spheric convective cells that extended further poleward, greatly affect-
ing wind intensity and global precipitation patterns24. As a result of
these conditions, models predict stronger precipitation over Africa,
Australia and South America during Pliocene times24, which, together
with a weak atmospheric circulation, would have minimized dust
generation and transport in these regions. Thus, the strengthening
of the meridional temperature gradients at the 2.7-Myr transition
and the mid-Pleistocene transition (MPT) as a consequence of the
increase in ice volume would have resulted in intensification and
spatial contractionof the atmospheric convective cells24,25 and a reduc-
tion in precipitation; these effects would have favoured dust genera-
tion and transport, consistent with the increases in dust and iron flux
observed at Site 1090.
The most dramatic rise in dust deposition in our record occurs

across the MPT (Fig. 3). During this period, Southern Ocean dust
fluxes doubled, reaching peak fluxes comparable to those of the Last
Glacial Maximum. Although the controls on Southern Ocean dust
deposition are not well understood, previous studies have suggested
that dust generation requires that a climate threshold must be reached
before the system is sensitive to perturbation5,8,18. Taking the last glacial
cycle as an example, dust flux changed relatively little during the initial
climate deterioration during MIS 5, increasing abruptly at MIS 4 with
the rapid increase in Northern Hemisphere ice5,7. Our long-term dust
flux and iron deposition records are strongly convergent with this
view, and reveal that SouthernOcean dust flux has a unique sensitivity
to the very cold glacial conditions that characterize the past 1.25Myr.
Whereas measures of climate cooling and glaciation indicate a rela-
tively gradual trend in mean climate over the Pleistocene, dust flux at
Site 1090 increases exponentially at the MPT, when the most intense
ice ages first appear (Fig. 3). The data thus confirm and extend the
evidence for a nonlinear relationship of Southern Ocean dust flux to
climate (Fig. 3b), indicating that it applies to the entire Pliocene–
Pleistocene. This sensitivity of dust flux to climate is also consistent
with the observations of relatively constant interglacial tropical sea
surface temperature and atmospheric CO2 across the MPT26,27, as no
significant changes in interglacial dust deposition are observed.
Beginning at 1.25Myr ago, the MPT was characterized by the

development of thicker and less stable ice-sheets in the Northern
Hemisphere and the emergence of the high-amplitude, asymmetric
100-kyr cycle that distinguishes late Pleistocene glaciations28,29. This
important climatic shift occurred in the absence of any significant
change in orbital forcing, leading to the view that the MPT involved
a reorganization of the climate system’s internal feedbacks29. A

decrease in atmospheric CO2 concentrations and the associated global
cooling is oftenproposed as one of themechanisms to explain theMPT29.
The available data do indeed suggest that atmospheric CO2 concentra-
tions during peak ice age conditions decreased by,30p.p.m. across the
MPT26.
Although our data cannot yet enable us to prove causation, they raise

the strong possibility that dust not only increased into the stronger ice
ages of the post-MPT world but then also acted as a positive feedback,
encouraging further CO2 reduction and cooling through iron fertiliza-
tion of the SouthernOcean. Consistent with this hypothesis, an increase
in opal mass accumulation rate (MAR) has also been observed in the
Atlantic sector of the Southern Ocean during this period, coinciding
with the development of extensive diatom mats between 47u S and
50u S and with the emergence of the diatom Fragilariopsis kerguelensis,
the dominant species in modern Southern Ocean sediments30. These
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Figure 3 | Evolution of global ice volume, and Southern Ocean dust and
iron variability through the Pliocene and Pleistocene epochs. a, Benthic
d18O stack28. Orange shading indicates the intervals where glaciations
intensified and dust fluxes rose to levels comparable to those of the Marine
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observations suggest that an increase in iron availabilitymayhave driven
part or all of the 30 p.p.m.v. decrease in peak glacial atmospheric CO2

observed across the MPT. By driving the descent into deep, cold glacial
periods, the climate/dust/CO2 feedback may underpin the develop-
ment the strong 100-kyr periodicity that characterizes global climate
and dust since the MPT (Fig. 3e). In detail, the greater ice-age dust
loads may have increased carbon sequestration by both the Antarctic
zone—where it would have encouraged increasingly complete major
nutrient consumption even if circulation changes lowered total ice age
productivity—and the subantarctic zone, where ice age iron fertiliza-
tion appears to have fuelled a simple increase in export production.

METHODS SUMMARY
Themethods used in the analysis ofn-alkanes, Fe, Ti and 232Thhave been described
in detail elsewhere5. The high-resolution records of Fe and Ti measured with the
X-ray fluorescence (XRF) core-scanner were converted into quantitative concen-
trations using more than 400 inductively coupled plasma sector-field mass spec-
trometry (ICP-SFMS) measurements (Supplementary Fig. 1). Dry bulk density
(DBD) was estimated for each XRF measurement interval from the c-ray attenu-
ation (GRA) densitymeasurements performed in the same sediment sections as the
XRF. MAR was calculated by multiplying the concentration of the different com-
pounds by the DBD and the sedimentation rate. After error propagation, we find
that the analytical component of the uncertainty is 7.8%, 8.4% and 8.6% of the final
value (1s) for Fe, Ti and n-alkanes MAR, respectively. The influence of age model
uncertainty on the estimatedMAR is evaluated in Supplementary Fig. 6. Our results
show that the analytical uncertainty and the potential errors in the agemodel donot
result in significant deviations from the estimated MAR that would affect the
conclusions of this study.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Analysis of n-alkanes. The method used for analysis of n-alkanes has been
described in detail elsewhere5,31,32. Briefly, sediment samples were freeze-dried,
homogenized, microwave extracted, and analysed with a Thermo Trace GC-FID.
The identification of the different compounds was achieved through comparison of
the chromatographic relative retention timeswith those of the target compounds in
standards. Several selected sampleswere analysed bymass spectrometry to confirm
peak identities and the absence of co-eluting peaks. The reproducibility of the
procedure was evaluated using a homogeneous sediment standard, extracted with
every batch of 14 samples. The external analytical reproducibility in the determina-
tion of n-alkanes in the different batches analysed was 7%.
ICP-SFMS analysis of Fe, Ti, 232Th. The methods used in the analysis of Fe, Ti
and 232Th have been described in detail elsewhere5. Briefly, sediment sampleswere
freeze-dried and digested in a pressure-assisted microwave system using an acid
mixture of HNO3, HCl and HF. Fe, Ti and 232Th concentrations were determined
by inductively coupled plasma sector-field mass spectrometry (ICP-SFMS,
Element2, Thermo Scientific). The calibration was done with dilutions of a stand-
ard solution, and Rh was used as internal standard. External reproducibility was
evaluated using the NIST standard referencematerial 2702 (‘‘inorganics inmarine
sediment’’), and with each batch of samples, two procedural blanks were run. The
average relative error for Fe and Ti was respectively 1.8% and 2.1% (1s), and the
external reproducibility ofNIST 2702was 5.6% and 6.5% respectively, for the batches
included in Supplementary Fig. 1.
XRF scanner measurements. The high resolution elemental analysis of Fe and Ti
was performed using anAavatech profiling X-ray Fluorescence (XRF) core scanner
atBremenUniversity at a 1 cmdowncore resolution. The external reproducibilityof
the Aavatech XRF core scanner for Fe and Ti in the range of the measurements is
below 2% (1s).
Age model. In the interval 0–800 kyr ago, we use the age model generated by
graphic correlation of the XRF Fe measurements to the ice core dust reconstruc-
tion from the EPICA project8 (Supplementary Fig. 2). This allows us to compare
the marine and continental records on similar timescales. In the interval 800–
2,900 kyr ago, we use the original age model of ODP Site 1090 based on benthic
d18O stratigraphy33. In the older part of the record we have slightly modified the
age model based on biostratigraphy34,35 by aligning the n-alkane record to the
Lisiecki and Raymo (LR04) global benthic d18O stack (see Supplementary Fig. 3).
Mass accumulation rate (MAR) calculation.The high-resolution estimates of Fe
andTimeasuredwith the XRF core-scanner have been converted into quantitative

concentrations using more than 400 ICP-SFMS measurements. The correlation
coefficients and the regression lines used for the calculation are shown in
Supplementary Fig. 1. Dry bulk density (DBD) has been estimated for each XRF
measurement interval from the c-ray attenuation (GRA) density measurements35

performed in the same sediment sections as the XRF. GRA bulk density has been
converted into DBD using the regression line shown in Supplementary Fig. 1a,
which is obtained from the cross-correlation of the GRA density and the available
DBD discrete measurements35. The errors associated with the DBD are less 5% of
the estimated value36. MARs were calculated by multiplying the concentration of
the different compounds by the DBD and the sedimentation rate.
MAR uncertainty. In order to assess the uncertainty in the MAR of the different
elements, we consider the errors of the different measurements and how they are
propagated in the calculation. In order to do so, we distinguish between statistical
errors, derived from the uncertainty associated with the analysis, and systematic
deviations, as potentially present in the agemodel. Systematic deviations of the age
model cannot be treated like statistical errors, as they donotmeet the requirements
for the underlying mathematics. After error propagation, we find that the analyt-
ical component of the uncertainty is 7.8%, 8.4% and 8.6% of the final value (1s) for
Fe, Ti and n-alkanesMAR respectively. The influence of agemodel uncertainty on
the estimated MAR is evaluated in Supplementary Fig. 6. Maximum age model
error envelopes of 4 kyr, 6 kyr and 15 kyr for the intervals 0–1Myr ago, 1–3Myr
ago and 3–4Myr ago respectively28 do not allow for significant changes in the
estimated MAR that would affect the conclusions of this study.
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