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Here we present orbitally-resolved records of terrestrial higher plant leaf wax input to the North Atlantic
over the last 3.5 Ma, based on the accumulation of long-chain n-alkanes and n-alkanl-1-ols at IODP Site
U1313. These lipids are a major component of dust, even in remote ocean areas, and have a predominantly
aeolian origin in distal marine sediments. Our results demonstrate that around 2.7 million years ago (Ma), co-
inciding with the intensification of the Northern Hemisphere glaciation (NHG), the aeolian input of terrestrial
material to the North Atlantic increased drastically. Since then, during every glacial the aeolian input of
higher plant material was up to 30 times higher than during interglacials. The close correspondence between
aeolian input to the North Atlantic and other dust records indicates a globally uniform response of dust
sources to Quaternary climate variability, although the amplitude of variation differs among areas. We
argue that the increased aeolian input at Site U1313 during glacials is predominantly related to the episodic
appearance of continental ice sheets in North America and the associated strengthening of glaciogenic dust
sources. Evolutional spectral analyses of the n-alkane records were therefore used to determine the dominant
astronomical forcing in North American ice sheet advances. These results demonstrate that during the early
Pleistocene North American ice sheet dynamics responded predominantly to variations in obliquity (41 ka),
which argues against previous suggestions of precession-related variations in Northern Hemisphere ice
sheets during the early Pleistocene.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Small rock fragments, soil particles, and pollen can easily be
entrained by the wind and transported over large distances through
the atmosphere (Ridgwell, 2002). This heterogeneous mixture of
aerosols, i.e. dust, plays an important role in global climate (Maher
et al., 2010) as it influences the radiative forcing of the atmosphere
(Mahowald et al., 2006b), and can be a source of nutrients (e.g.,
iron) to the open ocean that can lead to a strengthening of the biological
pump (Fung et al., 2000; Martin, 1990; Mills et al., 2004). In addition,
dust particles influence cloud formation by providing cloud condensa-
tion nuclei (Mahowald and Kiehl, 2003), and can affect the albedo of
ice sheets (Ridgwell, 2002).

Globally distributed climate records show that the global emission
of dust was significantly higher during the most recent glacials than
during interglacials such as the present (e.g., Maher et al., 2010;
for Polar and Marine Research,
7568 Bremerhaven, Germany.
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Mahowald et al., 2011; McGee et al., 2010). For example the analysis
of dust particles in ice cores from the Antarctic continent shows that
throughout the last 800 ka the dust flux to Antarctica was 25 times
higher during glacials than during interglacials (Lambert et al.,
2008). Although dust deposition in the low-latitudes was also higher
during glacials (deMenocal, 1995; McGee et al., 2010; Tiedemann
et al., 1994; Winckler et al., 2008), it was lower than the glacial flux
in the higher latitudes of the Southern Hemisphere (Lambert et al.,
2008; Martínez-Garcia et al., 2009, 2011). The 5 to 8 times higher
dust deposition during glacials in the Southern Ocean (Kumar et al.,
1995; Martínez-Garcia et al., 2009, 2011) has been explained by the
effect of continental ice sheets in Patagonia that act as an amplifying
mechanism for dust emission in the higher latitudes (Ridgwell and
Watson, 2002; Sugden et al., 2009; Winckler et al., 2008), while the
even greater increase seen in Antarctic dust fluxes is attributed to
the additional effect of a more efficient transport mechanism during
glacials (Lambert et al., 2008).

Continental ice sheets are effective dust sources as the grinding of
rocks by continental ice sheets produces large amounts of glaciogenic
dust that is transported by melt waters toward glacial outwash plains
where it can easily be entrained by wind (Ganopolski et al., 2010;
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Maher et al., 2010; Mahowald et al., 2006a). The presence of exten-
sive loess deposits between 45 and 35°N in the interior of North
America (Bettis et al., 2003) indicates that the margins of the North
American ice sheets were a major dust source during the last glacial,
in-line with modeling results (Ganopolski et al., 2010). Studies using
the accumulation of organic biomarkers derived from terrestrial
higher plant leaf waxes in marine sediments from the northern
North Atlantic, downwind from the North American continent, dem-
onstrate similar results with increased aeolian input of terrestrial ma-
terial during the last glacial (López-Martínez et al., 2006; Madureira
et al., 1997).

On the longer term, several dust records from the eastern subtropi-
cal Atlantic indicate an increase in aeolian input during the intensifica-
tion of the Northern Hemisphere glaciation (NHG) (e.g., deMenocal,
1995; Stein, 1985; Stein and Sarnthein, 1984; Tiedemann et al., 1994),
which took place during the late Pliocene and marks the appearance
of large continental ice sheets in the Northern Hemisphere. However,
these records reflect changes in the African dust sources. Virtually noth-
ing is known about variations in dust deposition in the northern North
Atlantic and thus changes in North American dust sources over the
course of the Plio-Pleistocene. This gap in understanding is significant
given the facts that dust plays an important role in global climate and
climate models show that incorporating the effect of dust on Northern
Hemisphere ice sheets is crucial for simulating a complete glacial cycle
(Ganopolski et al., 2010). Furthermore, changes in dust deposition
over the Southern Ocean during the most recent glacial/interglacial cy-
cles may have caused up to 40 ppmv of the observed 90 ppm change in
atmospheric CO2 during the most recent glacial/interglacial cycles
through its fertilizing effect on marine ecosystems (e.g., Kohfeld et al.,
2005; Kumar et al., 1995; Martínez-Garcia et al., 2009; Watson et al.,
2000). Moreover, long-term variations in Southern Ocean iron deposi-
tion may have played an important role in the Plio-Pleistocene intensi-
fication of Northern Hemisphere glaciations by promoting a
strengthening of the global biological pump (Martínez-Garcia et al.,
2011). In this context, determining the long-term evolution of dust ac-
cumulation in the northern North Atlantic is crucial to understand the
mechanisms that drove Quaternary climate during the last 2.6 Ma.1

Using material from Integrated Ocean Drilling Project (IODP) Ex-
pedition 306 Site U1313, here we report the first orbitally-resolved
long-term record of changes in aeolian input from the northern
North Atlantic. We focus on the last 3.5 Ma to investigate whether
changes in aeolian input were associated with the intensification of
the NHG around 2.7 Ma and/or the Mid-Pleistocene Transition
(MPT) between 1.25 and 0.7 Ma (Clark et al., 2006), two major
steps in global climate toward more intense glacial conditions (e.g.,
Ruggieri et al., 2009).

2. Regional settings

Samples come from IODP Site U1313, located in the North Atlantic
(41.00°N; 32.57°W), at the same latitude as the extensive loess de-
posits in the North American continent (Bettis et al., 2003). Site
U1313 (3426 m water depth) is a re-drill of Deep Sea Drilling Project
(DSDP) Leg 94 Site 607, which represents a benchmark site for Qua-
ternary paleoceanography (e.g., Raymo et al., 1989; Ruddiman et al.,
1989). The drilling of DSDP Site 607 in the 1980s preceded the advent
of the shipboard capability for construction of composite sections and
pass-through magnetometers for continuous measurement of mag-
netic parameters. With the re-drilling of Site 607, Site U1313 now
provides the rare opportunity of a continuous high-resolution sedi-
ment record covering the complete period from the Pliocene to the
Pleistocene at one of the most climatically sensitive locations in the
world (Expedition 306 Scientists, 2006).
1 Please note that we use the updated definitions of the Quaternary, Pliocene, and
Pleistocene (Gibbard et al., 2009)
At present, surface ocean circulation in the mid-latitude North At-
lantic is dominated by the Gulf Stream and North Atlantic Current
(NAC) that transport oligotrophic and warm surface waters north-
ward. The annual mean sea surface temperature (SST) at Site U1313
is 18.3 °C (Locarnini et al., 2006). During glacials, however, surface
ocean circulation in the North Atlantic was radically different as
high-latitude waters migrated southward (e.g., Pflaumann et al.,
2003) and massive armadas of ice-bergs episodically filled the
North Atlantic north of 40°N (Ruddiman, 1977). Bottom waters in
the North Atlantic basin nowadays are influenced by North Atlantic
Deep Water (NADW). In contrast, during the most recent glacials
poorly ventilated Antarctic Bottom Water (AABW) filled the deep
North Atlantic basin (>2 km deep) and influenced the study site
(Raymo et al., 1990, 1992) as deep water formation in the northern
North Atlantic shifted southward (Rahmstorf, 2002).

With respect to atmospheric circulation, the westerlies are the
dominant winds between 60 and 30°N during both boreal summer
and winter, blowing from the high-pressure cell in the subtropics to
the low-pressure cell associated to the atmospheric polar front. In
general the westerlies are stronger during winter due to a deepening
of the low-pressure cell (Fig. 1). Backward trajectories for both sum-
mer and winter clearly demonstrate that at present air masses from
different altitudes over Site U1313 are transported by the westerlies
and originate from theNorthAmerican continent (Fig. 1). During glacials,
and at specially the severe glacials that characterized themiddle and late
Pleistocene, the presence of large continental ice sheets (with a topogra-
phy of up to several kilometers high) influenced atmospheric circulation
(Pausata et al., 2011).Modeling studies depict that during the Last Glacial
Maximum the westerlies were slightly more intense but remained the
dominant winds over the North Atlantic (e.g., Hewitt et al., 2003;
Pausata et al., 2011). Located at 41°N in the mid-latitude North Atlantic,
Site U1313 was thus predominantly influenced during both glacials and
interglacials by the westerlies that transport air masses from the North
American continent over the North Atlantic.

3. Sampling strategy Site U1313

Four holes were drilled at Site U1313 from which two complete
spliced stratigraphic sections for the Pleistocene were constructed
by correlating physical properties between the holes (Expedition
306 Scientists, 2006). For this study, the correlation was further re-
fined to ensure a complete and continuous stratigraphic section for
Site U1313 covering the Pliocene and Pleistocene. In this process,
the original meter composite depth (mcd)-scales from Holes
U1313A, C, and D were updated by tying them to the mcd-scale for
Hole U1313B, providing what we call an adjusted mcd (amcd)-scale
(see Supplementary information). Creating a common depth scale al-
lows data from different holes to be combined and compared and re-
solves conflicts in stratigraphic depth between holes that exist in the
mcd scale. This amcd-scale was already used in several studies using
material from Site U1313 (Ferretti et al., 2010; Naafs et al., 2010,
2011; Stein et al., 2009). Site U1313B was selected as the master
hole because it is one of the deepest continuously cored holes and it
is part of the primary splice that is being studied by many others. Be-
cause of this choice, amcd=mcd for Hole U1313B, with the mcd
scales adjusted for the other three holes. The adjustments are based
on simultaneously correlating the lightness (L*), magnetic suscepti-
bility (X), and paleomagnetic data (inclination and intensity) be-
tween the four holes. These records were resampled every 1 cm
down to 200 mcd and correlated using the AnalySeries software
(Paillard et al., 1996). Besides the upper 40 cm, correlation between
holes is consistently better than ±5 cm down to 158 amcd
(~3.4 Ma), but becomesmore uncertain further down section because
of the lack of variations in physical properties. The tie-points for the
new amcd-depths for all holes are given in the Supplementary
information.



a

b
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d

Fig. 1. Study area. Average wind direction and speeds at the surface over the North Atlantic during boreal summer; June, July, and August (a) and boreal winter; December, January,
and February (b). Data obtained using NCEP/NCAR reanalysis data from http://www.esrl.noaa.gov/psd/. In addition atmospheric backward trajectories at 500, 2000, and 5000 m altitude
(typical for dust transport (Ben-Ami et al., 2009)) at Site U1313 during summer (c) and winter (d) are shown, calculated using HYSPLIT, available at http://www.arl.noaa.gov/.
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In this study, samples from the primary splice, consisting of Holes
U1313B and U1313C, were used. From the upper 160 amcd of Site
U1313 (representing the last 3.5 Ma) samples of 10 cm3 were taken
from the primary splice at a 20 cm interval, corresponding to a tem-
poral resolution of ±4 ka. A higher resolution (up to 2 cm in some
parts, corresponding to a temporal resolution of ±0.4 ka) was used
for the last 1 Ma (Marine Isotope Stage (MIS) 26-1) and between
2.78 and 2.65 Ma (MIS G9-G3). In total around 2540 samples were
used in this study. All samples were freeze-dried after sampling and
stored at 4 °C until further processing took place.

4. Chronology

For the largest part of the record (3.5–1 Ma) we used the ship-
board age model (Expedition 306 Scientists, 2006), based on tuning
of the lightness (L*) from the primary splice to the global benthic fo-
raminiferal δ18O stack (Lisiecki and Raymo, 2005). This method as-
sumes that changes in lightness, caused by changing carbonate
content due to variations in terrestrial input, mimicked changes in
benthic foraminiferal δ18O without any temporal offset (Expedition
306 Scientists, 2006). For the late Pliocene and early Pleistocene this
assumption holds and the shipboard age model is not significantly
different from an age model based on benthic foraminiferal δ18O for
the late Pliocene (Bolton et al., 2010) and is consistent with biostrat-
igraphic and magnetostratigraphic datums (Expedition 306
Scientists, 2006; Sierro et al., 2009). However during the last 1 Ma,
variations in surface water characteristics at Site U1313, hence light-
ness, occasionally lagged changes in benthic foraminiferal δ18O by
several ka (Naafs et al., 2011). For the last 1 Ma a new age model
was therefore constructed based on the combination of benthic forami-
niferal δ18O and lightness that accurately captures the glacial termina-
tions (Naafs et al., 2011). Even so, future high-resolution studies from
Site U1313 using benthic foraminiferal δ18O combined with paleo-
intensities will improve this age model. Based on our age model, the
sedimentation rates over the whole record vary between 2 and 9 cm/
ka (Fig. 3).

5. Methodology

5.1. Accumulation rates of n-alkanes and n-alkan-1-ols

The accumulation rates of the odd-carbon-numbered C27−C33

n-alkanes and C26-alkan-1-ol at Site U1313 were used to reconstruct
changes in aeolian input. Long-chain n-alkanes (C21−C33) with a
clear odd over even predominance and n-alkan-1-ols (C22−C32)
with a clear even over odd predominance are common constituents

http://www.esrl.noaa.gov/psd/
http://www.arl.noaa.gov/
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Fig. 2. Histograms of δ13C values in n-alkanes and n-alkan-1-ols. Compilation of all
available literature δ13C values of modern plant wax n-alkanes (C29+C31) a) and n-
alkan-1-ols (C26+C28) b) in C3 (red) and C4-plants (orange). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
Data compiled from Bi et al., 2005; Chikaraishi and Naraoka, 2003, 2006; Chikaraishi
et al., 2004; Collister et al., 1994; Lockheart et al., 1997; Pedentchouk et al., 2008; Rieley
et al., 1991; Rommerskirchen et al., 2006; Vogts et al., 2009.
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of the epicuticular waxes of terrestrial higher plants such as angio-
sperms and gymnosperms (e.g., Bianchi, 1995; Eglinton and
Hamilton, 1967; see review in Diefendorf et al., 2011). They are a
major component of modern dust even in remote ocean areas
(Conte and Weber, 2002; Conte et al., 2003; Gagosian et al., 1981;
Simoneit et al., 1977) as they can easily be removed from the leaf sur-
face by wind or rain, especially by sandblasting during dust storms,
or entrained as part of soil and transported over large distances. Nu-
merous studies therefore used the accumulation of these lipids in
distal marine sediments far from major fluvial inputs to infer
changes in aeolian input to the open ocean (e.g., López-Martínez
et al., 2006; Madureira et al., 1997; Martínez-Garcia et al., 2009,
2011). Indeed, several studies have shown that the concentrations
and fluxes of these organic biomarkers agree well with those of inde-
pendent inorganic tracers for windborne lithogenic material (e.g.
233Th, Fe, Al, or Ti), suggesting that they can be used as faithful re-
corders of dust deposition in marine sediments (e.g., Martínez-
Garcia et al., 2009, 2011).

In order to differentiate odd numbered long-chain n-alkanes from
higher plant material and the minor input of long-chain n-alkanes
without odd over even predominance from other potential sources,
we followed the approach developed by Villanueva et al. (1997).
This approach assumes that the even-numbered long-chain n-
alkanes (C20−C34) in marine sediments reflect microbial input or
reworking of odd-numbered n-alkanes and thus an equal amount of
odd numbered long-chain n-alkanes does not originate from terres-
trial higher plant material. This approach is supported by laboratory
experiments that found an alteration in hydrocarbon composition
and significant input of even-numbered long-chain n-alkanes due to
bacterial re-working (Grimalt et al., 1988) as well as soil studies
that indicate a decrease in n-alkane odd over even predominance
with soil depth due to microbial reworking (Buggle et al., 2010).
Therefore, the sumof the odd-numbered C27 to C33 n-alkane homologues
was corrected for the input of reworkedn-alkanes by subtracting the sum
of the even-numbered C26 to C34 n-alkane homologues by using:

Aplant ¼
X2
i¼0

odd

Cð27þ2iÞ −
X2
i¼0

C 28þ2ið Þ−

Even

1=2 C26 þ C34ð Þ

(modified from Villanueva et al., 1997)
where Aplant is the total amount of higher plant (non-reworked) n-

alkanes for each sample in ng/g and C26−C34 the abundance of the in-
dividual n-alkanes in ng/g. We must note that as higher plants to some
extent also produce even-numbered long-chain n-alkanes (e.g.,
Chikaraishi and Naraoka, 2006), the resulting Aplant record leads to an
under estimation of the accumulation of higher plant material. We
stress that the glacial increase in accumulation of odd-numbered
long-chain n-alkanes starting in the late Pliocene (2.7 Ma) is also evi-
dent in the non-corrected n-alkanes record (see Supplementary infor-
mation) as well as in the record of the long-chain even n-alkan-1-ol,
which is not corrected in any way.

The Carbon Preference Index (CPI), which is used to identify the
input of terrestrial higher plant material, was calculated following
Bray and Evans (1961):

CPI ¼ 1
2

C25 þ C27 þ C29 þ C31 þ C33

C24 þ C26 þ C28 þ C30 þ C32

� �
þ C25 þ C27 þ C29 þ C31 þ C33

C26 þ C28 þ C30 þ C32 þ C34

� �� �

where C24−C34 indicates the concentration of the individual n-alkanes.
Mass accumulation rates of the biomarkers in ng/cm2/ka were calcu-

lated using linear sedimentation rates, biomarker concentrations (Aplant

for the n-alkanes), and dry bulk densities (DBD), calculated from ship-
board measured wet bulk densities (WBD) using DBD=−1.6047+
1.5805 WBD (Expedition 306 Scientists, 2006; Stein et al., 2009).
5.2. δ13C of long-chain n-alkanes and n-alkan-1-ols

Plants can photosynthesize in different ways. In general two types
of photosynthetic pathways are distinguished, C3 and C4-plants, al-
though a third type also exists (CAM-plants). C3 plants (trees, shrubs,
and cool-climate grasses) are the most abundant (95% of total plants)
and are the dominant species in forested regions and high latitude
grasslands. C4 plants (notably tropical grasses) on the other hand
have more efficient water use than C3-plants because they can inter-
nally concentrate CO2 and are dominant in semi-arid regions. The dif-
ferent photosynthetic pathways of C3 and C4-plants results in an
isotopic offset between the two (O'Leary, 1981). The compound spe-
cific stable carbon isotope ratio (δ13C) of plant wax n-alkanes (C29+
C31) in C3-plants is on average −34.9‰, while for C4-plants it is
−21.4‰ (Fig. 2 and references in caption). For the n-alkan-1-ols
(C26+C28) the values are −33.5‰ and −22.7‰, for C3 and C4-plants
respectively (Fig. 2 and references in caption). Determining the δ13C
value of n-alkanes, and to a lesser extent n-alkan-1-ols, accumulating
in marine sediments is therefore a well-established proxy to distin-
guish between the input from C3 and C4-plants (e.g., Schefuss et al.,
2003a; Tipple and Pagani, 2010) and infer information about the
source of these lipids in marine sediments (López-Martínez et al.,
2006).

http://dx.doi.org/10.1016/j.gca.2011.09.028
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5.3. Sea surface temperatures

Annual mean SSTs (0 m) at Site U1313 were calculated using the
modified alkenone unsaturation index (Uk′

37) and the global core-
top calibration (Müller et al., 1998; Prahl and Wakeham, 1987).

5.4. Spectral analysis

The evolutionary spectra were computed using the short-time
Fourier transform of overlapping segments with a 600,000-year Ham-
ming window and 85% overlap, following the approach of Martínez-
Garcia et al. (2010). All the records were detrended, linearly interpo-
lated at 4 ka resolution and prewhitened before evolutionary spectral
analysis. Prewhitening reduces the red spectral background noise
arising from the nonlinear long-term evolution of climate records.
Hence, it allows for a better resolution of the time series variability
in the frequency range of obliquity (41 ka) and precession (23 and
19 ka), but it also attenuates some of the spectral power concentrated
in lower frequencies (≥100 ka). Because high latitude dust deposi-
tion appears to be exponentially rather than linearly linked to climate
(Lambert et al., 2008; Martínez-Garcia et al., 2009), in the case of the
n-alkane records the logarithm of both concentrations andmass accu-
mulation rates was used to compute the evolutionary spectra.

Phase and coherency estimates between the different time series
were computed using the iterative spectral feature of the Arand soft-
ware package (Howell et al., 2006) with a 500,000-year window and
1/2 lags. All the records were detrended and resampled at 4 ka reso-
lution before cross-spectral analysis.

6. Analytical techniques

The biomarker records for Site U1313 were obtained using a gas
chromatograph coupled to a LECO time of flight mass spectrometer
(GC-TOF/MS). In total ±2540 samples from the primary splice of
U1313 were measured for Uk′

37 ratios and long-chain n-alkane con-
centrations. Extraction and details of the analytical methods for the
Uk′

37-based SSTs and long-chain n-alkane records are explained else-
where (Hefter, 2008; Stein et al., 2009).

In 470 samples the concentration of the C26-alkan-1-ol was mea-
sured. For this purpose the samples were derivatized with N,O bis(tri-
methylsilyl) trifluoroacetamide (200 μl, heated for 2 h at 60 °C)
shortly before analysis by GC/TOF-MS (using the same conditions as
in Hefter, 2008). Concentrations of C26-alkan-1-ol were determined
from GC/TOF-MS peak areas (using m/z of 75), whereby a compound
specific response factor was obtained from the calibration with an ex-
ternal C26-alkan-1-ol standard (Fluka, Switzerland).

Compound specific δ13C values were determined in 12 samples at
the University of Bristol using a GC–isotope ratio mass spectrometer
(GC-IRMS). Because of the generally low concentration of higher
plant biomarkers at Site U1313, relatively small sample size, and the
current analytical limit for compound specific isotope analyses, it
was not possible to obtain reliable δ13C values from more samples al-
though we did attempt this.

GC–IRMS methods are identical to those used elsewhere (Handley
et al., 2008). δ13C measurements were done in triplicate, and the δ13C
value for the long-chain odd numbered n-alkanes was calculated by
taking the weighted average of the δ13C value of the C29 and C31 n-
alkane. For the long-chain even numbered n-alkan-1-ols the weight-
ed average of the δ13C value of the C26 and C28 n-alkan-1-ol was
taken. Compound specific δ13C values for the long-chain even num-
bered n-alkan-1-ols were then corrected for the derivatization pro-
cess following Rieley (1994). Compound specific δ13C values were
not corrected for variations in δ13C of atmospheric CO2 over time, be-
cause these were assumed to be small for the time scale used in this
study (e.g., Seki et al., 2010). δ13C values are reported relative to the
Vienna Pee Dee Belemnite (VPDB)-scale, calculated by comparison
against a calibrated reference CO2 gas.

7. Results

7.1. Accumulation rates of n-alkanes and n-alkan-1-ols

The results show that the accumulation rates of both the C27−C33
n-alkanes and C26-alkan-1-ol are low during most of the late Pliocene
with values below 500 and 250 ng/cm2/ka, respectively (Figs. 3 and
4). Values were slightly higher during glacials than during intergla-
cials of the late Pliocene. The accumulation of terrestrial higher
plant material increased significantly at Site U1313 during MIS G6
(~2.7 Ma) (Fig. 4). Following MIS G6, every glacial is characterized
by increased input of terrestrial higher plant material with maximum
values of 2800 and 2100 ng/cm2/ka for the n-alkanes and n-alkan-1-
ol, respectively (Fig. 3). During interglacials, the accumulation rate
of these terrestrial lipids is very low with values below 100 ng/cm2/
ka. The glacial/interglacial variations of aeolian input can be seen in
both the accumulation rates and the concentrations of long-chain
odd numbered n-alkanes and long-chain even numbered n-alkan-1-
ol (Figs. 3 and 4). A period of relatively lower aeolian input occurred
during glacials between 2.1 and 1.3 Ma.

7.2. δ13C long-chain n-alkanes and n-alkan-1-ols

Due to the low concentrations of higher plant waxes prior to
2.7 Ma and during interglacials, reliable δ13C values were obtained
for selected glacials only [Fig. 3b,d]. δ13C values of the long-chain n-
alkanes and n-alkan-1-ols are relatively constant throughout the gla-
cials of the last 2.7 Ma with a value of around −31‰.

7.3. Sea surface temperatures

The SST record from Site U1313 demonstrates that surface waters
in the mid-latitude North Atlantic were cooling during most of the
early Pleistocene (Fig. 3), continuing the long-term trend that began
in the late Pliocene (Naafs et al., 2010). During the Pliocene, SSTs
were generally warmer than present, even during some glacials.
Two major phases in the overall decrease of SSTs can be recognized;
the late Pliocene (3.1–2.1 Ma) and early Pleistocene (1.5–0.3 Ma).
Cooling was the most pronounced during glacials, especially during
the last 1.5 Ma. Interglacial SSTs changed much less and present-day
values were reached around 1 Ma. These results are almost identical
to a lower resolution alkenone-based SST record from Site 607, of
which U1313 is a re-drill, obtained using the traditional GC-FID meth-
od (Lawrence et al., 2010).

8. Discussion

8.1. Source higher plant waxes

Several lines of evidence indicate that both the odd-numbered
C27−C33 n-alkanes and C26−alkan-1-ol that accumulated at Site
U1313 during glacials are derived from aeolian input of higher
plant waxes originating from the North American continent. The
close correlation between the abundance of the two compound clas-
ses (see Supplementary information) indicates a common origin,
which is also supported by the similarity in δ13C values (Fig. 3). Flu-
vial input can be discarded as Site U1313 is located more than
1750 km from any continent.

A hypothetical contribution from old organic material to the n-
alkane signal can be considered negligible because the concentrations
and distribution of the plant lipid waxes are not correlated with the
occurrence of the ice-rafting events of the last glacial cycle (Fig. 5).
During the most recent glacial cycles the North Atlantic was
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characterized by episodes of massive ice-rafting (Heinrich) events
originating from the circum-Atlantic ice sheets (Heinrich, 1988). As
Site U1313 is located at the southern end of the ice-rafting debris
(IRD)-belt (Ruddiman, 1977) it was also influenced by IRD-events
during the Pleistocene (Naafs et al., 2011; Stein et al., 2009). IRD con-
tains a wide-range of organic compounds (Rashid and Grosjean,
2006; Rosell-Melé et al., 1997) and could be a possible additional
source of long-chain n-alkanes. However, in our record the
accumulation rates of the odd-numbered long-chain n-alkanes and
even-numbered long-chain n-alkan-1-ol are not correlated with the
occurrence of the Heinrich Events of the last glacial cycle and associ-
ated input of ancient organic rich material (Fig. 5). This is similar to
results from the northern North Atlantic, in the middle of the IRD-
belt, where the abundance of long-chain n-alkanes and n-alkan-
1-ols during the last glacial is also not correlated with the occurrence
of Heinrich Events (Madureira et al., 1997) and indicates that IRD is
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not a major source for the higher plant waxes. This is also supported
by the carbon preference indices (CPI) of the n-alkanes, which vary
between 2 and 6 for the last glacial cycle (Fig. 5). The n-alkane distri-
bution of IRD derived organic material would be characteristic of a
mature source and lead to a distribution of long-chain n-alkanes
with a lower odd over even predominance (CPIb2.5) (Bray and
Evans, 1961). In addition, IRD for the first time started to influence
the study area around 2.9 Ma (Kleiven et al., 2002), more than
200 ka before the increase in aeolian input at Site U1313. Following
other studies from the North Atlantic (López-Martínez et al., 2006;
Madureira et al., 1997), we thus conclude aeolian input of higher
plant waxes to be the dominant source of the long-chain n-alkanes
and n-alkan-1-ols at Site U1313.
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Lastly, the CPI values, molecular distribution, as well as the δ13C
values for the n-alkanes and n-alkan-1-ols are similar to those
found at present in air masses originating from the North American
continent (Conte and Weber, 2002; Conte et al., 2003) and signifi-
cantly different from those found in dust originating from Northern
Africa (Conte and Weber, 2002; Huang et al., 2000; Schefuss et al.,
2003a), at present the largest source of dust in the world. In this re-
gard, the most distinct features are the dominance of the C26-homo-
logues in the n-alkan-1-ol and n-alkanoic acid molecular
distributions (Fig. 6) and the depleted δ13C values for the n-alkanes
and n-alkan-1-ols at Site U1313 (Fig. 7), which are typical for air
masses origination from the North American continent and found
for example in aerosol measurements at Bermuda (Conte and
Weber, 2002). Air masses originating from Africa have different char-
acteristics as the molecular distribution is typically dominated by
higher mass homologues (e.g., C28 and C30 for the n-alkan-1-ol and
n-alkanoic acid) (Conte and Weber, 2002) and the biomarker specific
δ13C values are more enriched (Fig. 7).

The δ13C values found at Site U1313 during glacials are also similar
to those found in lipids accumulating during the last glacial cycle
close to the American continent (López-Martínez et al., 2006). More-
over, the relatively constant δ13C values over the last 2.7 Ma indicate
a source that was continuously dominated by C3-plants (Fig. 3). In
this context it is important to note the wide range of δ13C values in
C3-plants (Fig. 2) and the indicated end-member value is only an av-
erage δ13C value for C3-plants. A continuously dominant source of C3-
plants argues against both Africa and east Asia as main sources for the
aeolian material at Site U1313 as in those regions C4-plants are more
dominant and large variations in the dominant plant type, and hence
δ13C, took place during the Pliocene and Quaternary (e.g., Schefuss
et al., 2003b; Yao et al., 2010; Zhisheng et al., 2005). Taken together,
these results indicate that the terrestrial higher plant material accu-
mulating at Site U13113 is of aeolian origin and originated from the
North American continent, in line with the dominant westerly wind
direction in the mid-latitude North Atlantic and the backward trajec-
tories estimated for the core location (Fig. 1).

8.2. Variations in aeolian input

Visual comparison of the records of aeolian input from Site U1313
for the last 800 ka to the dust flux in Antarctica (Lambert et al., 2008)
reveals that the two are well correlated (Fig. 8). The latter has already
been shown to be correlated with the aeolian flux in the low-latitudes
(Winckler et al., 2008) and the Southern Ocean (Martínez-Garcia
et al., 2009, 2011), aside from the differences in the magnitude of
the glacial/interglacial change. In addition, although few marine re-
cords of dust input extend back to the Pliocene, those available indi-
cate a similar shift toward more aeolian input that started during
the intensification of the Northern Hemisphere Glaciation in (north-
west) Africa (Dersch and Stein, 1991, 1994; Tiedemann et al., 1994)
and the Southern Ocean (Martínez-Garcia et al., 2011). This also coin-
cides with the onset of extensive loess deposition in northern China
(Yang and Ding, 2010) and increased volcanic ash and dust deposi-
tion in the North Pacific (Bailey et al., 2011). These results thus sug-
gest a regime shift in the late Pliocene to global synchronous
strengthening of dust sources during glacials.

The reconstructed 30-fold increase in aeolian input of terrestrial
higher plant waxes to the North Atlantic during glacials of the Quater-
nary is also similar to observations from the Antarctic ice cores where
a ±25-fold increase in dust flux over the last eight glacial cycles is in-
ferred (Lambert et al., 2008). As Site U1313 is located in the middle of
the North Atlantic it is likely that a large fraction of the aeolian mate-
rial does not reach the study area and is deposited closer to the North
American continent. Future long-term records that are taken from a
position closer to the North American continent, therefore, will likely
show even higher accumulation rates of terrestrial material during
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the glacials of the Quaternary. In fact this is supported by the bio-
marker record from ODP Site 1060, located at Blake Outer Ridge
close to the North American continent, where during the last glacial
the accumulation of long-chain n-alkanes and n-alkan-1-ols was an
order of magnitude higher relative to Site U1313 (López-Martínez
et al., 2006).

Classically, increased accumulation of terrestrial material in ma-
rine sediments during glacials is thought to result from a combination
of processes that involve the expansion of continental dust sources as
a consequence of the increased glacial erosion and aridity, and a more
efficient atmospheric transport of dust particles as a result of the re-
duced hydrological cycle, and increased wind intensity or gustiness
during glacial stages (e.g., Mahowald et al., 2011; McGee et al.,
2010; Yung et al., 1996). However, an overall increase in wind
speed from the late Pliocene toward the present does not agree
with modeling results that indicate stronger westerly winds during
the late Pliocene warm period in the North Atlantic (Haywood et al.,
2000), or at most only little changes in atmospheric circulation
-34

-33

-32

-31

-30

-29

-28

-27

-26

-25

δ13
C

 (
V

P
D

B
 ‰

)

Africa

Bermuda

n-alkanesn-alkan-1-ols

U
13

13

U
13

13

1
2

3

4

Fig. 7. δ13C as source indicator. Range of measured δ13C values at Site U1313 of the n-
alkanes (C29+C31), and n-alkan-1-ols (C26+C28) (orange and purple arrow), together
with the range of δ13C in these compounds in aerosol measurements from Bermuda
(green box) and off the coast of Africa (pink box). In addition, average δ13C values for
long-chain n-alkanes and n-alkan-1-ols in dust samples obtained off the coast of Africa
(star 1–3) and from within the North American continent (star 4) are shown (Conte
and Weber, 2002; Conte et al., 2003; Huang et al., 2000; Simoneit, 1997). (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)
north of ~40°N (Brierley et al., 2009). These model results also concur
with surface ocean characteristics at Site U1313 that indicate more
vigorous ocean circulation during the late Pliocene relative to the
early Pleistocene (Naafs et al., 2010). An additional important consid-
eration in this regard is that the westerlies respond mainly to changes
in the thermal contrast in the middle of the atmosphere rather than
to changes at the surface and the suggestion that glacials are associat-
ed with stronger winds is not supported by ocean circulation data
(Toggweiler and Russell, 2008).

The 30-fold increase in aeolian input of terrestrial higher plant
waxes as observed at Site U1313 relative to the 2–4-fold increase in
dust deposition observed at low-latitudes (Winckler et al., 2008) in-
dicates the presence of an amplifying mechanism in our record that
is probably related to the presence of continental ice sheets in the
source region. In addition, the strengthening of storm tracks directly
south of the large continental ice sheets (Pollard and Thompson,
1997) may have also contributed to the increased aeolian input dur-
ing glacials.

Modeling results for the Last Glacial Maximum (LGM) demon-
strate that the margins of the North American ice sheets were impor-
tant glaciogenic dust sources (Ganopolski et al., 2010). This is also
supported by studies of loess deposits in North America, which dem-
onstrate that during the LGM loess was deposited on a large scale
south of the maximum extent of the Laurentide ice sheet (Bettis
et al., 2003), and transported from the extensive glacial outwash plains
by predominant (north)westerly winds (Muhs and Bettis, 2000). It is
likely that the higher plant material that accumulated at Site U1313
during glacials is transported in a similar way. The amplifying effect of
glacial erosion in the generation of dust has also been suggested to
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explain the higher glacial/interglacial variability found in marine sedi-
ments from the Southern Ocean (Martínez-Garcia et al., 2009) relative
to the low latitudes (Winckler et al., 2008). The 30 times increase in ae-
olian input of terrestrial higher plant waxes in our record indicates that
this process of glacial erosion may have been more important than in
high southern latitudes, where the dust deposition was only 5 to
8 times higher during glacials (Martínez-Garcia et al., 2009, 2011),
and suggests that dust deposition in IODP Site U1313 mainly reflect
changes in glaciogenic dust generation associated with the advance
and retreat of North American ice-sheets.

The appearance of large continental ice sheets in the Northern
Hemisphere (North America) at the end of the late Pliocene can be
concluded from the widespread occurrence of IRD in sediments
from both the North Atlantic and North Pacific during glacials starting
at 2.7 Ma (Kleiven et al., 2002; Maslin et al., 1998; Shackleton et al.,
1984), the presence of a glacial till at 39°N in the North America con-
tinent, dated to around 2.4 Ma (Balco and Rovey, 2010), and an in-
crease in benthic foraminiferal δ18O values at 2.7 Ma (Lisiecki and
Raymo, 2005), modeled to reflect an increase in the volume of the
North American and Eurasian ice sheets (Bintanja and van de Wal,
2008). This also coincides with the development of the subarctic Pa-
cific halocline, which provided the moisture for the built-up of signif-
icant North American ice sheets starting at 2.7 Ma (Haug et al., 2005).
We therefore argue that the sharp increase in glacial dust fluxes ob-
served in our record at 2.7 Ma is related to the strengthening of
North American dust sources as a consequence of the appearance of
large continental ice sheets and glacial outwash plains in North Amer-
ica. The period of relatively reduced aeolian input during glacials be-
tween ~2.1 and 1.3 Ma roughly coincides with the absence of
evidence for North American ice sheet advances south of 45–47°N
(Balco and Rovey, 2010).

8.3. Implications for the dynamics of the NH ice-sheets

The Milankovitch theory, following the earlier work of Murphy
(1869), predicts that variations in high-latitude summer solstice inso-
lation were the primary forcing for the glacial/interglacial cycles of
the Quaternary (Milankovitch, 1941). A major problem for this stan-
dard astronomical hypothesis is that high-latitude (e.g., 65°N) sum-
mer (solstice) insolation is mainly driven by changes in precession,
while proxy records indicative for early Pleistocene climate such as
benthic foraminiferal δ18O (reflecting predominantly variations in
continental ice volume) varied mainly at the obliquity period
(Raymo and Nisancioglu, 2003; Ruddiman et al., 1986). To explain
this mismatch, it has been proposed that precession related changes
in ice volume in both Hemispheres did occur but cancel out in global-
ly integrated proxies such as benthic foraminiferal δ18O (Raymo et al.,
2006). Based on this hypothesis a simple ice sheet model that is sen-
sitive to local (high-latitude) summer insolation was used to calculate
Northern Hemisphere ice volume with a strong variance in the pre-
cession periods (23 and 19 ka) during the early Pleistocene (Raymo
et al., 2006). However this hypothesis has been controversial, as di-
rect evidence supporting precession related changes in Northern
Hemisphere ice volume during the early Pleistocene is lacking. The
hypothesis could potentially be tested if proxy data reflecting exclu-
sively changes in Northern Hemisphere ice sheet dynamics were
available and compared with the model output.

So far, it has been difficult to obtain long and continuous climate
records indicative for Northern Hemisphere ice-sheet variability be-
cause ice sheet advances on a terrestrial margin are not recorded in
most marine archives (e.g., IRD records), which demonstrate a strong
41-ka pacing (Raymo et al., 2006). As we argue that the record of
aeolian input at Site U1313 is predominantly related to the dust pro-
duction at active terrestrial glacial margins in North America, it pro-
vides a unique record to determine the astronomical pacing of the
advance and retreat of the North American ice-sheet through the
Plio-Pleistocene and test the hypothesis that precession related
changes in ice volume did occur in the Northern Hemisphere.

Although the lack of a continuous benthic foraminiferal δ18O re-
cord at Site U1313 during the Pleistocene prevents a detailed investi-
gation of the evolution of the phasing between ice volume (benthic
foraminiferal δ18O) and aeolian input (n-alkane record), a cross-
spectral analysis was computed for the late Pliocene where benthic
foraminiferal δ18O data is available (Bolton et al., 2010). The results
show that, taking into account the sampling resolution of around
4 ka, variations in aeolian input were in phase with changes in global
ice volume at the obliquity (41 ka) band (Fig. 9). This is in-line with
the suggestion of ice-sheet variability as the dominant control on
changes in aeolian dust deposition at Site U1313. Therefore, evolu-
tionary spectra of the n-alkane records were used to determine the
dominant orbital control on North American ice-sheet dynamics and
to test the hypothesis that significant precession related changes in
ice volume in both Hemispheres did occur during the early
Pleistocene.

If ice volume in theNorthernHemisphere during the early Pleistocene
would vary according to precession as previously suggested (Raymo
et al., 2006), the evolutionary spectra of the n-alkanes would be similar
to that of the modeled Northern Hemisphere ice volume that assumes a
strong variance in the precession periods. However, the evolutionary
spectra of the n-alkane records and modeled Northern Hemisphere ice
volume are radically different (compare Fig. 10c–d with Fig. 10f). The
evolutionary spectrum of the modeled Northern Hemisphere ice volume
is dominated by strong precession periods (23 and 19 ka). In contrast, the
evolutionary spectra of the n-alkanes clearly demonstrate that during the
early Pleistocene variance in the obliquity period (41 ka) dominates aeo-
lian input at Site U1313 (Fig. 10c–d), similar to the benthic foraminiferal
δ18O stack and SSTs at Site U1313 (Fig. 10a–b). Following the MPT, the
frequencies shift toward the well documented dominance of 100 ka
cycles.

The absence of strong precession periods (23 and 19 ka) in the n-
alkane records during the early Pleistocene suggest that the North
American ice-sheet did not vary significantly as a response to preces-
sion during the early Pleistocene. These results are in good agreement
with those obtained for our SST and two other high-latitude SST re-
cords that all depict a dominance of obliquity on high-latitude North-
ern Hemisphere climate during the early Pleistocene (e.g., Lawrence
et al., 2009, 2010). Thus, according to these results it is unlikely that
strong precession related changes in ice volume in the Northern
Hemisphere did occur but cancel out in globally integrated proxies
such as foraminiferal δ18O. Other mechanisms are thus needed to ex-
plain the strong dominance of the obliquity period on climate during
the early Pleistocene, possibly related to the role of integrated sum-
mer insolation in controlling the advance and retreat of Northern
Hemisphere ice-sheets (Huybers, 2006).
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9. Conclusion

In summary, the flux of aeolian derived terrestrial higher plant
waxes to the North Atlantic increased significantly during glacial
stages starting at 2.7 Ma. The characteristics of the lipids of higher
plant waxes (CPI and δ13C values) are similar as those found at pre-
sent in air masses originating from North American continent and
thus suggest this as main source for the aeolian material over the
last 2.7 Ma. The timing of the onset of significant amounts of aeolian
material accumulating in the North Atlantic coincides with the devel-
opment of continental ice sheets at the North American continent.
We argue that the episodic development of glacial outwash plains as-
sociated with large continental ice sheets in North America was the
main cause of the observed increase in aeolian input during glacials
from 2.7 Ma onwards. This is in line with the results of cross-
spectral analysis between benthic foraminiferal δ18O and n-alkane
records from Site U1313, which indicate that variations in aeolian
input are in phase with changes in ice volume at the obliquity
band. Evolutional spectral analysis of the n-alkane records demon-
strates that throughout the early Pleistocene, variance in the obliq-
uity period (41 ka) dominates aeolian input and hence North
American ice sheet dynamics. This argues against suggestions of
precession-related variations in Northern Hemisphere ice volume
during the early Pleistocene and urges for other mechanisms to ex-
plain the dominance of the obliquity period during the early
Pleistocene.

So far the role of dust on long-term climate change has been large-
ly neglected. Our results demonstrate that the increased dustiness
that characterized the most recent glacial cycles has been a persistent
feature of Quaternary climate. Future work should therefore focus on
more precisely determining the effect of dust and associated feedback
mechanisms on Quaternary climate.

Supplementary materials related to this article can be foundonline
at doi:10.1016/j.epsl.2011.11.026
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