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Fig. 3. Reflected light image of a polished Allende CAI surface with overlaid Raman images of the
intensity of a Gaussian fit to the D* GW band. Scale bars for the inset images are 1 um, except for
the scale bar in the largest inset, which is 2 um. Note the elongated nature of most of the whiskers.
Whiskers that appear rounded may be truncated by polishing, may be oriented perpendicular to

the sample surface, or may actually have a conical morphology.

the protoplanetary disk, very near the young
Sun (/6) and during a period when its polar and
X-wind outflow may have been active (17, 18).
From here, these GWs could have been ejected
from the young stellar system into interstellar
space, producing an example of GW production
and expulsion that may be extrapolated onto other
young stellar systems. Furthermore, condensation
of material ejected during supernovae may also
produce GWs in a mechanism similar to that
shown in meteorites.

In astronomy, whisker (or needle) morphol-
ogies of carbon, silicates, or iron have been in-
voked to explain several phenomena. They have
been used to model the observed attenuation of
IR light in the 3- to 9-um range in observations
of the galactic center and Cassiopeia A (/9-22)
that cannot be adequately explained by pop-
ulations of polycyclic aromatic hydrocarbons
and spherical silicates, iron, and graphite grains
(23, 24). Whiskers have been proposed to ex-
plain the apparent dimming of type la super-
novae (SN Ia) and also for attenuating cosmic
microwave background radiation (21, 22, 25-27),
although the latter interpretation has been chal-
lenged (28). In the case of IR dimming of SN
Ia, models invoking spherical (or “gray”) dust
show that the extinction of light in visible wave-
lengths would occur before dimming in the near
IR (29, 30). However, it has been calculated that
inclusion of GWs at a concentration as low as
0.1% would produce the observed dimming with-
out obstructing visible wavelengths (37, 32).
With the discovery of GWs in a meteoritic set-
ting, their physical properties are now available
for testing against these models and observa-

tions. Optical effects from these whiskers may
have implications for interpreting data on super-
nova brightness that have been used to support
the notion of dark energy (33, 34).
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Covariant Glacial-Interglacial Dust Fluxes
in the Equatorial Pacific and Antarctica

Gisela Winckler,'* Robert F. Anderson,’? Martin Q. Fleisher,* David McGee,'? Natalie Mahowald?

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, which suggests 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.

ust affects climate, both directly by alter-
Ding the radiation budget of the atmo-
sphere (/) and indirectly by influencing
the biological uptake of CO, 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
is potentially one in the future. Polar ice core
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records [e.g., (4)] provide evidence that glacial
dust deposition at high latitudes was as much as a
factor of 25 higher than during interglacial pe-
riods. However, research on the role of dust in the
past has been hampered by the scarcity of well-
resolved internally consistent records of dust dep-
osition at low latitudes (9), 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 pro-
cesses in climate models (9—17). Complementary
modeling endeavors to simulate the impact of
dust deposition on marine biota, nutrient cycles,
and atmospheric CO, (6, 12). These impacts ap-
pear to be particularly important in high nutrient—
low chlorophyll regions (HNLC) such as the
equatorial Pacific Ocean, where concentrations
of nutrients are high, yet chlorophyll, or primary
production, is low. Phytoplankton growth in the
equatorial Pacific has been shown to be limited
by iron supply (/3). Because acolian dust is a
substantial source of iron, changes in dust input
have the potential to affect the ecosystem struc-
ture and carbon cycle in this iron-limited region.

Efforts to quantify dust-related impacts on cli-
mate 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 (/4) 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 (/6) and central (/7) equatorial
Pacific Ocean.

Here, we present a reproducible and self-
consistent reconstruction of the aeolian dust flux
across the equatorial Pacific from marine sedi-
ments deposited over the past 500,000 years.
Our transect spans from the eastern equatorial
Pacific [Ocean Drilling Program (ODP) site 849;
110.5°W, 0.2°N], across the central equatorial Pa-
cific (TTNO13-PC72; 0.1°N, 139.4°W), to the west-
emn 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 (**?Th), a trace element
enriched in continental crust and low in basaltic
volcanic material, as a tracer for lithogenic mate-
rial, 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 >**Th concentrations in po-
tential dust source areas fall within 1 part per
million (ppm) of the average concentration of
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upper continental crust (10.7 ppm) (/9). The
validity of >**Th as a dust proxy is supported by
the linear relationships at three of our sites
between 2**Th and terrigenous “He (fig. S1), an
independent proxy for the lithogenic component
that has been successfully used to reconstruct dust
fluxes in marine sediments (20, 21). Because >>>Th
data are available at much higher resolution than
“He in our cores, we focus here on >**Th.

We evaluated dust fluxes by normalizing ***Th
concentrations to *°Th. This approach relies on
the observation that the flux of “*°Th to the sea
floor approximately equals its known production
rate from U decay 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 *°Th
[corrected for decay and detrital *°Th (/8)]. There
is currently an intense debate over the best ap-
proach 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 pro-
ductivity regimes, as well as consistency with global
ice volume and with dust fluxes from Antarctica.
The lack of consistency among earlier records
reflects, in part, the limited age resolution of many

232

previous records. In addition, variable preserva-
tion of CaCOs in equatorial Pacific sediments
may have introduced systematic errors in &'0-
based age models. The use of ***Th-normalization
greatly reduces the sensitivity of derived fluxes to
such errors and this contributes to the consistency
among the dust flux records presented here.

After conversion to dust mass fluxes by divid-
ing by the average >**Th concentration of upper
continental crust (10.7 ppm) (19), our >**Th-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,
with respect to both absolute fluxes and the ob-
served west-east gradient. The west-east gradient
in dust fluxes is also consistent with in situ obser-
vations of dust fluxes by aerosol collection (24).

Dust fluxes in the central and eastern equa-
torial Pacific are comparable, with slightly higher
fluxes at the central Pacific location (Table 1 and
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.
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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 806C and RC17-177 in the western
equatorial Pacific [Th isotope data from (34); planktonic 520 from (35)]; (B) TTNO13-PC72 in the central
equatorial Pacific [Th isotope data from (17) and from this study; benthic 520 from (15)], (C) ODP site
849 from the eastern equatorial Pacific [Th isotope data from this study; benthic 880 from (33)]. #*2Th
fluxes are highest at maximum glacial conditions (as indicated by maximum 8"0) 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.
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Table 1. Observation- and model-based estimates of dust fluxes to the Equatorial Pacific.

Source of dust flux Western Eq. Central Eq. Eastern Eq.
estimate Pac. (160°E) Pac. (140°W) Pac. (110°W) Reference
[g m2yr [g m2yr [g m2yr
MODERN
Observations
232Th-derived dust 0.55 0.16 0.13 This study
flux (Holocene)
Sediment trap* 0.84 (37)
Sediment trap® 0.15 (38)
Model simulations
ECHAM3 0.0098 0.0037 0.0089 9)
ECHAM4 0.0325 0.0196 0.0211 (10
MATCH 0.059 0.05 0.043 (39
Composite* 0.107 0.123 0.116 3)
CCSM-SOMB 0.098 0.34 0.59 (11)
LGM
Observations
232Th-derived dust 1.37 0.40 0.30 This study
flux (LGM)
Model simulations

ECHAM3 0.119 0.39 0.71 9
ECHAM4 0.049 0.056 0.106 (10)
CCSM-SOMBLGMTS 0.060 0.336 0.411 (11)

*Calculated using terrigenous = total — carbonate — opal — 1.8*organic C (=organic matter).

assuming [Ti] = 0.3% in terrigenous fraction.

Maximum total source.

Fig. 2. Covariance of
dust fluxes to the equato-
rial Pacific (TTNO13-PC72,
red) and Antarctica [Euro-
pean Project for Ice Coring
in Antarctica (EPICA) site
Dome C (EDC), black].
Dust fluxes at Dome C
have been compiled from
dust concentration data
(4) and accumulation
rates, derived from the
new time scale EDC3
(36). Both records are
plotted on their individ-
ual time scales [EDC3 (36)
for the Dome C record;
880-derived age model
(15) for TINO13-PC72].
MIS indicated along the
right age axis.
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fComposite model, based on several dust models.
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Throughout the past five glacial cycles, dust
fluxes at all sites show striking correlation with
8'%0 of foraminifera, which primarily tracks glob-
al ice volume (25). The amplitude of glacial-
interglacial variations in dust fluxes, derived by
comparing maximum (glacial) to minimum (inter-
glacial) 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 Pa-
cific is closely correlated to the dust flux re-
construction 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 tropi-
cal records is an order of magnitude smaller than
for the polar record, the records show very simi-
lar 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 par-
ticularly 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),
whereas the dust deposited in the eastern
equatorial Pacific is predominantly derived from
sources in northern South America (27, 28).
Support for this source distribution comes from
the regional patterns in the *Heyep->>>Th charac-
teristics (fig. S1), which point to similar dust
sources for the west and central Pacific but sug-
gest a distinct dust source for the eastern Pacific.
The lower *He/>>>Th ratios at the eastern site
are consistent with a dominant influence from a
younger (*He-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 north-
ern South America (as recorded in the eastern
equatorial Pacific site) indicates quantitatively
similar environmental responses to climate vari-
ability by dust mobilization processes in these
low- and mid-latitude climate regions. Local pro-
cesses 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 versus 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
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Fig. 3. Zonal gradients in dust 1
fluxes across the equatorial Pacific 1
from various recent model simula- 1
tions (solid lines) and observations |
from sediment cores and traps |
(triangles). Model results are listed
in chronological order of their pub-
lication: European Centre Hamburg
Model 3 (ECHAM3) [black, (9)], Mod-
el of Atmospheric Transport and
Chemistry (MATCH) [pink, (39)],
Composite [blue, (3)], and Commu-
nity Climate System Model-Slab 0.01
Ocean Model with Biome3 sources

(CCSM-SOMB) [olive, (11)]. The

west-east decrease in the observa- 1

o
N
|

Dust flux [g m” yr]

Observations

—&— This study
Sediment traps

Models

—— ECHAM3

—— MATCH

—— Composite

CCSM-SOMB

tions is not reflected by most dust
models and is the reverse of the
strong west-east increase in the
most recent model simulation (11).

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
because of 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
with interglacials: a less vigorous hydrological
cycle resulting in reduced washout, increased
glacial wind intensities leading to increased dust
entrainment, and expanded dust source areas [see
(31) for a review]. Although there is uncertainty
concerning the complex interplay of the factors
influencing dust generation in any particular re-
gion, we infer from the synchronous changes in
dust fluxes seen in our records that in each of the
source areas, that is, Asia, northern South America,
and Patagonia, the dominant processes regulating
dust generation experienced a coherent response
to global climate change. This response is consist-
ent with other substantial glacial-interglacial envi-
ronmental 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 sug-
gests that the interhemispheric synchronicity is
not limited to the last termination but extends
back over at least the last five glacial cycles.

The need for deeper understanding of the
processes that regulate dust generation and trans-
port is demonstrated by the discrepancies between
measured dust fluxes and several state-of-the-art
model simulations (Table 1 and Fig. 3). Improve-
ment to models over the past decade have
brought modeled dust fluxes into the appropri-
ate 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 (/7), increase from west

—
130°E  160°E

T T T f T f 4 1
170°W 140°W 110°W  80°W
Longitude

to east, in stark contrast to the strong west-to-east
decrease by a factor of 3.5 in 2**Th-based dust
fluxes.

Discrepancies are even more apparent for the
models simulating climate conditions at the Last
Glacial Maximum (LGM). 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 (//) produced dust fluxes
during the LGM that are lower than under mod-
ern conditions, at odds with greater glacial dust
fluxes inferred from the sediment records. The
newer model (/7) also produces LGM dust fluxes
that increase from west to east by about a factor
of 6, in strong contrast to the observed decrease
by a factor of 3.5 in our >**Th-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. Re-
sults presented here should help to better con-
strain models of dust generation and transport. In
addition, the coherent responses of dust fluxes
from widespread source regions will serve as a
basis for new hypotheses linking dust fluxes to
climate change.
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