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Millennial-scale iron fertilization of the eastern
equatorial Pacific over the past 100,000 years
Matthew R. Loveley1, Franco Marcantonio1*, Marilyn M. Wisler1, Jennifer E. Hertzberg2,
Matthew W. Schmidt3 and Mitchell Lyle4
The eastern equatorial Pacific Ocean plays a crucial role in global climate, as it is a substantial source of CO2 to the atmosphere
and accounts for a significant portion of global new export productivity. Here we present a 100,000-year sediment core from
the eastern equatorial Pacific, and reconstruct dust flux, export productivity and bottom-water oxygenation using excess230
Th-derived fluxes of 232 Th and barium, and authigenic uranium concentrations, respectively. We find that during the last
glacial period (71,000 to 41,000 years ago), increased delivery of dust to the eastern equatorial Pacific was coeval with North
Atlantic Heinrich stadial events. Millennial-scale pulses of increased dust flux coincided with episodes of heightened biological
productivity, suggesting that dissolution of dust released iron that promoted ocean fertilization. We also find that periods of
low atmospheric CO2 concentrations were associated with suboxic conditions and increased storage of respired carbon in the
deep eastern equatorial Pacific. Increases in CO2 concentrations during the deglaciation are coincident with increases in deep
Pacific and Southern Ocean water oxygenation levels. We suggest that deep-ocean ventilation was a primary control on CO2
outgassing in this region, with superimposed pulses of high productivity providing a negative feedback.

T

he equatorial Pacific Ocean is one of three main highnutrient, low-chlorophyll zones of the global ocean. Within
these zones, utilization of macronutrients phosphate, nitrate
and silicate during phytoplankton growth is likely to be limited by
the micronutrient iron1,2 . Given the equatorial Pacific’s prominent
role in biogeochemical cycling of carbon3 , the variability of the iron
supply to the equatorial Pacific can contribute significantly to the
drawdown of atmospheric CO2 (ref. 4) and, therefore, influence
global climate change. Although it is well established that the supply
of iron, through the dissolution of mineral aerosols (dust), to the
equatorial Pacific is greater during glacial periods5,6 on Milankovitch
timescales, arguments both for7 and against fertilization8,9 of the
equatorial Pacific have been made. On millennial timescales in the
eastern equatorial Pacific (EEP), changes in surface productivity
seem to be consistent with the timing of North Atlantic Heinrich
stadial (HS) events or Antarctic warm periods, and are thought to
be related to changes in nutrient delivery caused by variations in the
ventilation of Southern Ocean intermediate waters10–12 .
Here we present new proxy data of dust (230 Th-derived 232 Th
flux, see Methods), biological productivity (230 Th-derived excess
Ba (xsBa) flux, see Methods) and bottom-water oxygenation
(authigenic U, see Methods) in a marine sediment record that
covers the past five marine oxygen-isotope stages (MIS1–4, and
the latest part of MIS5) at sub-millennial resolution. Deep-sea
sediment core MV1014-02-17JC (hereafter 17JC) was retrieved
from slightly south of the Carnegie Ridge in the Panama Basin
(00◦ 10.82970 S, 85◦ 52.00420 W; Fig. 1). Low rates of carbonate dissolution at the depth of core collection (2,846 m) allow for preservation
of foraminiferal tests and construction of a radiocarbon-based age
model (Supplementary Fig. 1 and Supplementary Table 1). Constraints on the age model were placed using tie points from oxygenisotope stratigraphy (Supplementary Table 1), and identification of

the Los Chocoyos ash (84 kyr) (ref. 13) at 853 cm in the core (see
Methods). In addition, between 35 and 70 kyr (beyond the reach
of most robust radiocarbon analyses and after the Los Chocoyos
ash) the age model was refined by matching maxima in the
230
Th-normalized-232 Th flux (proxy for dust flux; see below) to
minima in the Hulu Cave speleothem δ18 O record (see Methods
for discussion). The sedimentation rate at site 17JC ranges from
6 to 16 cm kyr−1 corresponding to an age resolution between
∼100–300 yr for our sampling resolution of 2 cm.

Dust fluxes coincident with increases in export production
There is a remarkable similarity between the timing of the peak dust
fluxes (highest 232 Th fluxes; Fig. 2b) and that of North Atlantic HS
events 1, 2, 4, 5, 6, 7 and 9 (compared with the North Greenland Ice
Core Project δ18 O record (NGRIP; Fig. 2a)). There is no discernible
dust peak during HS3, and HS8 is obscured by its proximity in
the record to the Los Chocoyos ash interval (Fig. 2b). 232 Th (dust)
fluxes during HS events are up to 50% higher than those fluxes in
adjacent ambient sediment intervals during the glacial (MIS2–4)
(Fig. 2b). Assuming an average 232 Th concentration in dust of about
14 ppm (ref. 14), and given the average late Holocene 232 Th flux
of about 1 µg cm−2 kyr−1 , EEP dust fluxes in the late Holocene are
probably about 70 mg cm−2 kyr−1 . This value is in agreement with
global dust flux models15,16 that estimate modern-day dust fluxes
of about 70–100 mg cm−2 kyr−1 to the EEP. Our 232 Th fluxes during
HS events therefore correspond to dust fluxes that are roughly twice
those of today, ranging from about 100–170 mg cm−2 kyr−1 .
The accumulation of barium in marine sediments is tightly
linked to organic matter export17–19 . Barite, the sedimentary phase
containing the barium, is controlled by microbial recycling of
organic matter as it is exported from the surface to the ocean floor.
Due to the relatively insoluble nature of barite, the accumulation
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Figure 1 | Site locations and seasonal ITCZ migration. Location of the RV Melville piston core MV1014-02-17JC (star) overlain with ocean surface nitrate
concentration37 along with the maximum (September) and minimum (March) mean seasonal positions of the ITCZ (dashed lines)23 . The locations of
South America’s Peruvian27 (square) and Brazilian28 (hexagon) speleothem records, along with the Cariaco Basin25 (circle), are shown to provide a context
for potential average global shifts of the ITCZ during HS events. Two other sites discussed in the text (ODP Site 1240 and ME0005A-24JC) occur within the
star symbol very near to core MV1014-02-17JC, whereas the third site discussed (ODP Site 1238) lies between MV1014-02-17JC and the Peruvian coast.

of biogenically associated barium (or xsBa, see Methods for
calculation) in marine sediments is used as an indicator of primary
productivity. At 17JC, millennial peaks in export production,
ascertained using 230 Th-derived xsBa fluxes, are consistent with
the timing of dust flux peaks during or near HS 1, 2, 5, 6 and 7
(Fig. 2c). Given the nonlinear scaling between the two proxies, xsBa
seems to behave as a more qualitative, than quantitative, proxy.
The correlation of increased export production with increased dust
delivery to the surface ocean suggests that, assuming similar extents
of Fe release from surface-ocean dust dissolution, there is increased
Fe fertilization of the EEP during times consistent with the timing
of the majority of the North Atlantic HS events. Presumably, the
release of Fe relaxes the iron limitation on waters that are replete
with macronutrients (Fig. 1) and leads to the productivity pulses.
Organic carbon and opal concentrations of sediments in the nearby
core ME0005A-24JC (00◦ 1.300 N, 86◦ 27.790 W at 2,941 m water
depth), interpreted to reflect records of productivity and upwelling,
are also generally higher during HS events10 , when dust supply to the
EEP is higher. Along with our Ba data, these nearby results support
our idea that dissolution of dust releases Fe in the surface ocean
relaxing the extent of iron limitation and leading to greater export
production. However, neither the organic carbon nor the opal concentration record from ME0005-24JC is normalized to xs230 Th, and
may be affected by preservation issues. The timing of our increased
productivity (xsBa) and dust (232 Th) fluxes (consistent with HS
events) shows a general agreement with the timing of decreased
Globigerinoides ruber Mg/Ca sea-surface temperatures (SSTs) at
the nearby Ocean Drilling Program (ODP) Site 1240 (00◦ 1.310 N,
86◦ 27.760 W at 2,921 m water depth20 (Fig. 2d). G. ruber is a warm
tropical species, so its record of SSTs is probably biased to warm
seasons. During the glacial period, therefore, the SST record may
reflect minimal cooling, suggesting that colder temperatures may
have prevailed. Although colder SSTs may be reflective of either
atmospheric cooling or upwelling, the latter would be consistent
with strengthened easterly winds suggested by the increased dust
fluxes during the HS events. For the first time, multiple proxy
records from three nearby sites along the Equator in the EEP suggest
that increases in productivity are correlated with increases in both
upwelling and an increased supply of iron through the dissolution
of dust. The timing of each of these increases is tightly linked to

HS events, suggesting a low-latitude connection to Northern Hemisphere ocean–atmosphere dynamics. This connection is also borne
out in the Holocene part of the record where a correlation between
the highest recorded SSTs20 (Fig. 2d) and the lowest dust fluxes
(Fig. 2b) between 11 and 5.5 kyr matches the timing of increases in
high-latitude Northern Hemisphere solar insolation and the midHolocene climatic optimum21 (which is consistent with the timing
of the ‘greening of Africa’ during the African Humid Period21 ).
Increased dust flux to the EEP during HS events is consistent
with the timing of decreased North Atlantic meridional overturning
circulation22 and related shifts in atmospheric circulation, wherein
the Indian and Asian monsoons weaken23,24 , and the intertropical
convergence zone (ITCZ) and westerlies of both hemispheres shifted
southward25 . The increased dust flux at the Equator in the EEP
is probably due to increased aridity and increased dust transport
within a strengthened northeasterly trade wind system, suggesting
the influence of Northern Hemisphere climate fluctuations on our
equatorial Pacific record. A southward shift of the ITCZ is consistent
with decreased runoff recorded in Cariaco Basin sediments during
HS events25 . The current average position of the ITCZ in the EEP
is at approximately 7◦ N (ref. 26) so that, today, our site is under
the influence of the southeasterly trades during most of the year.
Increases in dust flux in our equatorial record, therefore, suggest
a southerly displacement in the average position of the ITCZ of at
least 7◦ during HS events. The displaced average position would
be at a location close to, or slightly south of, the modern-day
position of the ITCZ during Southern Hemisphere summer (Fig. 1).
In the Southern Hemisphere, synchronous with the southerly
displacement of the average position of the ITCZ, are increases in the
intensity of the South American summer monsoon and associated
wet periods recorded in U–Th-dated Peruvian27 and Brazilian28
speleothems during HS events. As previously interpreted, these
speleothem records together with the Cariaco Basin and our records
suggest an anti-phased relationship between dry versus wet tropical
conditions north and south of the Equator during HS events; that
is, north of the ITCZ, conditions are drier (Cariaco Basin, our site
in the EEP), while south of the ITCZ, conditions are wetter (Peru
and Brazil). Such a displacement of the ITCZ in the EEP is at
odds with an understanding of the modern ITCZ position, using
coupled ocean–atmosphere general circulation models, which limits
its migration due to the orogenic effects of the Andes mountain belt
on atmospheric processes29 . Dust provenance studies would help
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Figure 2 | Palaeoclimatic reconstructions in EEP marine sediment cores
compared with the NGRIP record. The yellow bars for the Younger Dryas
(YD) and Heinrich Stadial (HS) events 1 to 9 are from refs 23,40 and the
oxygen-isotope (Methods and Supplementary Fig. 1) stage boundaries are
from ref. 39. a, NGRIP δ18 O record38 (blue line). b, 230 Th-normalized-232 Th
flux (green-filled circles), a proxy for dust flux, in core 17JC. The line joining
the data represents a three-point running mean. c, 230 Th-normalized-xsBa
flux (teal-filled circles), a proxy for export productivity, in core 17JC. The
line joining the data represents a three-point running mean. d, Mg/Ca SST
(green line) reconstruction (data on surface dweller G. ruber) from ODP Site
1240 (00◦ 1.310 N, 86◦ 27.760 W; ref. 20). VSMOW, Vienna Standard Mean
Ocean Water.
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Figure 3 | Palaeoclimatic reconstructions in EEP marine sediment core
17JC compared with ice core records. The yellow bars for the Younger
Dryas (YD) and Heinrich Stadial (HS) events 1 to 9 are from refs 23,40 and
the oxygen-isotope (Methods and Supplementary Fig. 1) stage
boundaries are from ref. 39. a, NGRIP δ18 O record38 (blue line).
b, 230 Th-normalized-232 Th flux (green-filled circles), a proxy for dust flux, in
core 17JC. The line joining the data represents a three-point running mean.
c, Authigenic U concentration (purple-filled circles), a proxy for
bottom-water oxygenation, in core 17JC. The line joining the data
represents a three-point running mean. d, Atmospheric CO2 record from
Antarctic ice cores41 .

Sediment authigenic U concentrations are controlled by the redox
state of sediments (see Methods), which, in turn, is a function of
the rain of organic material from the surface ocean and the oxygen
content of bottom waters30 . Whether authigenic U concentration
is a proxy for the latter or the former can be examined by
comparing the relationships between authigenic U concentration
and an export production proxy, such as xsBa flux. At 17JC, there is
little consistency in the overall authigenic U trends with those in the
xsBa flux (Fig. 3c). Instead, the authigenic U record contains major
low-frequency peaks that occur during the middle of each glacial
period (MIS2–4). Given the lack of overall correlation between
the xsBa and authigenic U results, we interpret the authigenic
uranium concentrations to be a proxy for changes in bottom-water
oxygenation, similar to what has been proposed by others in

the equatorial30 and northern Pacific31 . Indeed, peak authigenic
uranium concentrations of approximately 12 ppm, 10 ppm and
8 ppm during glacial periods MIS2, 3 and 4, respectively, are two to
three times higher than those during interglacial periods, MIS1 and
5 (Fig. 3c). Authigenic U concentrations remain high during MIS1
and 5 (∼4 ppm), probably due to the high primary productivity at
this equatorial site, and do not reach values lower than 2 ppm until
the latest 5 kyr of the record.
Increased authigenic uranium concentrations during the last
glacial maximum (MIS2; ∼20 kyr, Fig. 3c) point toward decreased
bottom-water O2 content in the EEP during peak glacial conditions
when atmospheric CO2 concentrations were ∼100 ppmv lower
(Fig. 3d) than those during pre-industrial times. The deep-water
suboxic conditions associated with low atmospheric CO2 agree with
the idea that there was increased respired carbon storage in the
deep Pacific glacial ocean30,31 . Moreover, our authigenic U data
suggest that EEP bottom waters were probably suboxic during the
entire glacial period (MIS2, 3 and 4) when CO2 concentrations were
∼80–100 ppmv lower than pre-industrial values (Fig. 3c,d). The
pattern of variability in the EEP is almost identical to that reported
in a study of authigenic U in sediments from the Antarctic zone of
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to elucidate the extent of ITCZ shifts in the EEP during abrupt
millennial climate change events.

Authigenic U, bottom-water oxygenation and CO2
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(Fig. 4b), coincident with an xsBa flux peak (Fig. 2c), suggesting the
influence of increased export production. Thus, we speculate that
the increased efficiency of the biological pump in the EEP at the last
termination during HS1 behaves as a negative feedback to the CO2
cycle, which dampens, but does not negate, the global CO2 rise in
response to deep-ocean ventilation.
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the Southern Ocean32 , such that we can infer greater respired carbon
storage within a large swath of the abyssal ocean throughout the
entire last glacial cycle.
In the Southern Ocean, poleward shifting of the Southern Hemisphere westerlies is thought to increase upwelling and release CO2
to the atmosphere at the termination of the last glacial cycle during
HS1 (refs 33,34). In the EEP, strengthened northeasterly trade winds,
coincident with the southward shift of the ITCZ during HS events
may have competing influences on atmospheric CO2 . Strengthened
trade winds increase upwelling and may leak advected Southern
Ocean intermediate waters (Sub-Antarctic Mode Waters) rich in
nutrients and CO2 . However, at the same time, these strengthened
trades may have increased the efficiency of the biological pump by
relaxing the limitation of iron in these nutrient-rich upwelled waters
through an increase in the supply of continental dust. During the
deglaciation, both atmospheric CO2 (Fig. 4a) and EEP bottom-water
oxygenation increase (authigenic U decrease; Fig. 4b) in agreement
with studies that suggest that old respired carbon is outgassed upon
ventilation of deep-ocean waters in response to the bipolar seesaw
(warming of the Southern versus cooling of the Northern Hemisphere during HS events) and the reorganization of wind circulation
patterns34 . There are boron-isotope data35 from nearby ODP Site
1238 (1.87◦ S, 82.78◦ W, 2,203 m water depth) that address the extent
to which the EEP behaves as a source (sink) of CO2 to (from) the
atmosphere during the deglaciation. Peak 1pCO2 values35 (difference
between surface oceanic and atmospheric pCO2 ) of about 90 µatm at
about 13 kyr indicate a significant source of CO2 (Fig. 4c) to the
atmosphere that exceeds modern-day 1pCO2 values36 by 45 µatm.
During HS1, at about 17 kyr, the boron-isotope record at ODP Site
1238 suggests a drawdown of CO2 of about 10 µatm (Fig. 4c) from
the atmosphere (65 µatm lower than modern-day 1pCO2 values36 ).
At the same time, during HS1, authigenic U significantly increases
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Methods
Analytical methods. Radiocarbon analyses were performed at the NOSAMS
facility at the Woods Hole Oceanographic Institute on the planktonic foraminifer
Neogloboquadrina dutertrei (>250 µm) in samples between 0 and 500 cm in core
MV1014-02-17JC. Radiocarbon ages were calibrated to calendar year using Calib
7.0 Marine13 (refs 42,43) with a 400-yr reservoir age correction.
Stable isotopic analyses of oxygen in N. dutertrei specimens (>250 µm) were
performed using a Thermo Electron Kiel IV automated carbonate preparation
device connected to a Thermo MAT 253 stable isotope ratio monitoring mass
spectrometer, equipped with a dual inlet system, housed in the Stable Isotope
Geoscience Facilities (SIGF) at Texas A&M University. Isotope values are reported
(Supplementary Table 1 and Supplementary Fig. 1) in delta notation relative to the
Vienna Pee Dee Belemnite isotopic standard. The long-term average precision of
the isotopic reference material NBS19 measured within sample runs to monitor
instrumental precision is 0.06h for δ18 O (±1σ ) for the SIGF Kiel IV and MAT 253.
Sediments for MV1014-02-17JC were sampled approximately every 2 cm and
analysed for uranium (234 U, 235 U, 238 U), thorium (230 Th, 232 Th) and barium (135 Ba,
137
Ba) by inductively coupled plasma mass spectrometry on a magnetic sector
Element XR at Texas A&M University. Approximately 0.3–0.4 g of sample was
spiked with 229 Th and 236 U and then digested in a cocktail of HNO3 , HClO4 and HF.
After complete digestion, a small aliquot was removed, diluted and spiked with
135
Ba separately. U–Th samples were further processed with Fe-oxyhydroxide
co-precipitation and passed through anion exchange chromatography. To correct
for instrumental mass bias, the National Institute of Standards and Technology
Uranium 500 Standard (NIST U500) was measured several times within each batch
of 12 analyses of Th and U. We assumed a similar mass fractionation between
uranium and thorium. For the barium analyses, we used the NIST sediment
standard (NIST 2901) to ascertain our accuracy (better than 3%, on average).
Average procedural blanks contributed <1% of the total measured activities for
both uranium, thorium and barium. Samples were replicated (n = 20) and
reproducible within <6% for uranium and thorium isotopes and <7% for barium.
These external reproducibility values were used as the blanket error bars for these
analyses in all figures, even though individual in-run precisions were significantly
less than these uncertainties.
Age models. We constructed a preliminary age model (AM1; see Supplementary
Table 1) using ten radiocarbon dates on N. dutertrei between 0 and 500 cm depth in
core, δ18 O tie points at oxygen-isotope stage (MIS) boundaries (Figs 2–4 and
Supplementary Table 1), and the Los Chocoyos ash (84 kyr) (ref. 13) at 853 cm core
depth. The stage boundaries between MIS3 and 4, and MIS4 and 5 were the most
difficult to discern, given the millennial structure in the oxygen-isotope data. Ages
were linearly interpolated between all radiocarbon, oxygen isotope, and the
Los Chocoyos ash tie points by assuming a constant sedimentation rate between
each tie point. With no additional tuning of the age model (other than radiocarbon,
oxygen isotopes, and the ash layer tie points), there is a remarkable similarity
between the timing of the peak dust fluxes (highest 232 Th fluxes; Supplementary
Fig. 2B) and that of the North Atlantic HS events 1, 2, 6, 7 and 9 (compared with
the NGRIP (Supplementary Fig. 2A), and Hulu Cave records (Supplementary
Fig. 2C)). There is no discernible dust peak during HS3, but there are dust peaks,
within the errors of the two earliest radiocarbon-dated intervals, that are consistent
with the timing of HS4 and HS5 (Supplementary Fig. 2B). Note that HS8 is
obscured by its proximity in the record to the Los Chocoyos ash interval. Between
the period of robust radiocarbon analysis after 40 kyr and the ash layer tie point at
84 kyr, our age model has the largest errors (±500–1,500 yr). Nevertheless, within
this time period, each peak in dust (232 Th) flux is well within the error of the timing
for HS 4–7, as dated accurately by U–Th in the Hulu Cave record23 (Supplementary
Fig. 2C), arguably the best-dated record of Northern Hemisphere climate change
related to North Atlantic HS events, providing compelling evidence that the peaks
in 232 Th flux are consistent with the timing of HS events. Hence, we feel justified in
tuning HS4–7 in our record to the Hulu Cave record over this time period. Our
refined age model (AM2; see Supplementary Table 1) is identical to the first, except
that it has been refined between 35 and 70 kyr (beyond the reach of robust
radiocarbon analyses and after the Los Chocoyos ash) by matching maxima in the
230
Th-normalized-232 Th flux (proxy for dust flux; see below) to minima in the Hulu
Cave speleothem δ18 O record.
230

230

Th normalization. Th is produced in the water column by the radioactive
decay of dissolved 234 U in seawater. The 230 Th technique is based on the differing
geochemical behaviour of dissolved 230 Th (particle reactive, rapidly scavenged out
of seawater, oceanic residence time of decades)44 compared with that of 234 U (well
dissolved, ubiquitously distributed, oceanic residence time of 200–400 kyr; ref. 45).
Assuming that the flux of this ‘excess’ 230 Th (xs230 Th) reaching the seafloor is equal
to its production rate in the overlying water column makes it possible to estimate
sediment mass accumulation rates (MARs). Such estimations require corrections
for the detrital and authigenic 230 Th fractions. Detrital 230 Th is assumed to be in
secular equilibrium with detrital 238 U, which is estimated by the activity of the
sediment sample’s 232 Th, and assuming a detrital U/Th ratio of 0.7 (ref. 46).
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Authigenic uranium, estimated by subtracting the detrital uranium from the total
uranium, is used to calculate the portion of ingrown authigenic 230 Th. This
correction amounts to between on average 8% in the latest part of the record versus
about 48% in the earliest part. Finally, since 230 Th is radioactive, the xs230 Th activity
needs to be corrected for the amount of time since deposition of the sediment layer.
The amount of xs230 Th is inversely proportional to the sediment MARs, such that
MAR = β × z/[xs230 Th], where β is the production rate of 230 Th in the water
column (0.0267 dpm m−3 yr−1 ), z is the water column depth in metres, and
[xs230 Th] is the initial corrected xs230 Th in the sediment sample. Although it has
been assumed that the 230 Th-normalization technique can differentiate between
vertically deposited and laterally advected sediment (via the calculation of
230
Th-derived focusing factors (Ψ ) (ref. 47)), there has been some controversy over
this assumption, and, specifically, the effects of grain size fractionation on the 230 Th
methodology during sediment redistribution. Within the Panama Basin, our
previous studies48,49 show that there is no more than a 30% biasing of
230
Th-normalized MARs when Ψ is less than about 4. Average focusing factors for
the interval of sediment deposited within each oxygen-isotope stage (MIS1
through 4) are consistently less than 4. The highest average focusing factor is 3.9
during MIS2. Furthermore, xs230 Th-normalized accumulation rates of proxies that
are contained predominantly in the fine-grained fraction of the sediment (such as
the 232 Th, xsBa and authigenic U proxies used here) are not significantly sensitive
to the 230 Th fractionation observed during sediment redistribution processes,
which seems to affect coarse-grained component accumulation rates to a greater
extent48,49 . This is probably due to the 230 Th being most heavily concentrated in the
fine-grained component of the sediment49 . Accumulation rates for proxies that are
virtually entirely contained within the fine-grained component of the sediment can
be approximated by multiplying the concentration of the proxy with the
230
Th-derived MAR.
232

Th flux. Windblown dust supplied to ocean sediments is derived from
continental material with an average 232 Th crustal concentration of ∼11 ppm
(ref. 50). Even higher concentrations of 232 Th are found in the finer fractions of
continental dust that travel long distances (<4 µm, ∼14 ppm) (ref. 14). Hence,
many researchers have used 232 Th as a tracer of windblown continental dust
delivered to deep-ocean sediments (for example, refs 6,12,33,48,49,51). The 232 Th
signal in core 17JC is concentrated in the finest-grain fraction (<20 µm), and is
virtually entirely derived from windblown dust49 , similar to other Panama Basin
sites >300 km from the continental margin48 . Our 232 Th fluxes are estimated by
normalizing the sediment 232 Th content to 230 Th-derived sediment MARs.
Furthermore, our 232 Th dust fluxes are corroborated by independent
measurements of bulk sediment 234 U/238 U activity ratios. For the first time, we use
this ratio as a means to qualitatively estimate changes in the dust contribution to
the total sediment uranium inventory, which is a mixture of a detrital and
authigenic components. The latter component is derived from seawater, which has
a uranium activity ratio of 1.146 (ref. 46), while the former component (which
consists of eolian detrital particles) has values of about 1 (ref. 52). Most of the
uranium in these sediments is authigenic in origin, so that deviations from the
seawater uranium activity ratio suggest an increased eolian component being
delivered to our site. The pattern of change in the 234 U/238 U activity ratio is
anticorrelated with that of the 232 Th dust flux, with lows in the 234 U/238 U activity
ratio coincident with peaks in 232 Th dust flux, except for HS7, which occurs at the
MIS4/5 boundary (Supplementary Fig. 3).
xsBa flux. The correlation between authigenic, or ‘excess’, Ba (xsBa), delivered to
the seafloor as the mineral barite53 , and organic matter allows the use of
230
Th-normalized-xsBa fluxes as a palaeoceanographic tool to reconstruct primary
productivity17 on glacial–interglacial8,9 timescales. The calculation of xsBa content
requires the removal of the detrital (or lithogenic) barium component, which is
estimated by multiplying the average upper crustal Ba/Th ratio of 51.4 (ref. 50) by
the detrital Th, and then subtracting this term from the total measured barium.
Barite is contained in the sedimentary fine-grained fraction (<5 µm) (ref. 53) such
that 230 Th-derived xsBa fluxes are probably not significantly biased during
sediment redistribution processes49 .
Authigenic U concentrations. Uranium is supplied to the sediments by diffusion
across the sediment/water interface, deposition of organic matter, and pore-water
redox reactions52,54–57 . U(VI) exists as a highly soluble uranyl carbonate species in
oxic marine sediment pore waters. However, under suboxic conditions, U(VI) is
reduced to U(IV) and forms a more insoluble solid uranium oxide. The two
controls on the redox state of sediment uranium are, therefore, export of organic
carbon from the surface to the seafloor and bottom-water oxygen content.
Data availability. Oxygen-isotope, thorium, uranium and barium data for core
MV1014-02-17JC (00◦ 10.82970 S, 85◦ 52.00420 W; 2,846 m water depth) are
tabulated in Supplementary Table 1 and at the Palaeoclimatology Page of the
NOAA National Centers for Environmental Information website
(http://www.ncdc.noaa.gov). The NGRIP δ18 O data38 can be accessed at the
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NOAA National Centers for Environmental Information: ftp://ftp.ncdc.noaa.gov/
pub/data/paleo/icecore/greenland/summit/ngrip/isotopes/ngrip-d18o-50yr.txt.
The Antarctica CO2 data41 can be accessed at the NOAA National Centers for
Environmental Information: ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/
antarctica/epica_domec/edc-co2-2008.txt.
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