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Abstract

Mineral dust in polar ice cores provides unique information about climate induced
changes both in dust sources and on the atmospheric transport of dust particles
from the source to the polar ice sheets.

The presented work investigates changes in sources and transport of dust in the
EPICA-DML (EPICA-DML: European Project for Ice Coring in Antarctica - Dron-
ning Maud Land) ice core during Glacial and during the transition to the Holocene.

Changes in dust concentration and size were determined on seasonal timescale
during cold and warm climate stages in two time slices at 25600 yr BP (Glacial) and
13200 yr BP (Antarctic Cold Reversal (ACR)). The contribution of transport and
source to the observed changes in dust concentration were estimated using a one
dimensional transport model. Dust sources were investigated by comparing Rare
Earth Element (REE) fingerprints from 33 new samples from potential source areas
(PSA) with those in the ice core in a quasi-continuous profile (398 out of 613 m)
spanning a period from 26600 yr BP to 7500 yr BP.

For the first time, data on dust concentration and size in seasonal resolution were
obtained, showing differences in seasonal variation in the Glacial and in ACR. It
could be shown that during the Glacial dust concentrations exceed concentrations
during ACR by a factor of 28, though the size does not differ significantly (Glacial:
pw =188 +£0.15 um, ACR: p = 1.96 &+ 0.13 um ). On seasonal scale during the
Glacial, size changes of 0.2 - 0.3 wm and during the ACR of 0.2 - 0.35 pm occur in
phase with mean dust concentration changes of a factor of 7.6 in the Glacial and a
factor of 3.5 in the ACR. During the Glacial a clear maximum in concentration and
size occurs during austral winter.

The difference in dust concentration between Glacial and ACR cannot be ex-
plained by transport. On seasonal scale, during the Glacial 30 - 63% of the observed
dust concentration changes can be explained by transport, during the ACR even 70
- 100%. This implies that the source did not change significantly during the ACR,
during the Glacial by a factor of 1.5 - 2.6, and between Glacial and ACR actually
by a factor of ~28.

Data show that REE can be used to determine sources of mineral dust in Antarctic
ice cores. For the time period 26600 - 15200 yr BP, South America was identified
as source for dust in the EPICA-DML ice core. Between 15200 and 7500 yr BP, the
source could not be identified unambiguously by using REE fingerprints. However,
the South American influence seems to weaken and the influence of other source
areas seems to increase in warm periods.



Zusammenfassung

Mineralischer Staub in polaren Eiskernen bietet einzigartige Informationen iiber
klimabedingte Anderungen sowohl in den Staubquellen als auch wihrend des atmo-
spharischen Transports der Staubpartikel von der Quelle zu den polaren Eisschilden.

In der vorliegenden Arbeit werden Veranderungen in den Quellen und im Trans-
port des Staubes im EPICA-DML (EPICA-DML: European Project for Ice Coring
in Antarctica - Dronning Maud Land) Eiskern wéhrend des Glazials und wahrend des
Ubergangs zum Holozén untersucht: Staubkonzentrations- und StaubgréBenéinderung
wurden in saisonaler Auflosung wahrend Kalt- und Warmzeiten in zwei Zeitfen-
stern um 25600 Jahre vor heute (Glazial) und um 13200 Jahre vor heute (Antarctic
Cold Reversal (ACR)) ermittelt. Die Beitrdge von Transport und Quelle zu den
beobachteten Staubkonzentrationsinderungen wurden mit Hilfe eines eindimesion-
alen Transportmodells abgeschatzt. Die Staubquellen wurden iiber den Vergleich
der Verhaltnisse der Seltenen Erden in 33 neuen Proben aus den potentiellen Quell-
gebieten mit denen im Eiskern tiber einen Zeitraum von 7.500 - 26.600 Jahre vor
heute in einem quasi-kontinuierlichen Profil (398 von 613 m) untersucht.

Zum ersten Mal wurden Daten von Staubkonzentrationen und -gréflen in saisonaler
Auflésung gewonnen, die Unterschiede in der saisonale Variation im Glazial und im
ACR aufweisen. Es konnte gezeigt werden, dass die Staubkonzentrationen wahrend
des Glazials die des ACRs um das 28fache tibersteigen. Die Grofle unterscheidet sich
jedoch nicht signifikant (Glazial: p = 1.88 £0.15 um, ACR: p = 1.96 £ 0.13 pm ).
Auf saisonaler Zeitskala treten im Glazial Groflenanderungen von 0.2 - 0.3 pmund
im ACR von 0.2 - 0.35 wm auf, die mit mittleren Anderungen der Konzentration um
einen Faktor von 7.6 im Glazial und von 3.5 im ACR einhergehen. Im Glazial tritt
ein Maximum in Gréfle und Konzentration im Winter auf.

Der Unterschied in der Staubkonzentration zwischen Glazial und ACR kann nicht
durch den Transport erklart werden. Auf saisonaler Skala kann im Glazial 30 - 63 %
der Staubkonzentrationsanderungen durch Transportvariationen erklart werden, im
ACR sogar 70 - 100 %. Die bedeutet, das sich auf saisonaler Zeitskala im ACR die
Quelle fast nicht geandert hat, im ACR um einen Faktor von 1.5 - 2.6, und zwischen
Glazial und ACR sogar um einen Faktor von ~28.

Das gewonnene Datenmaterial zeigt, dass sich Seltenen Erden dazu eignen Quellen
von Staub in antarktischen Eiskernen zu bestimmen. Fiir den Zeitraum von 26600
- 15200 Jahren vor heute konnte Stidamerika als Quelle fiir Staub im EPICA-DML
Eiskern identifiziert werden. Von 15200 - 7500 Jahren vor heute konnte keine ein-
deutige Quelle identifiziert werden. Allerdings scheint der Einfluss von Stidamerika
abzunehmen und der Einfluss anderer Quellen scheint zu steigen.



1 Introduction

The importance of the understanding of climate is demonstrated by awarding the No-
bel Price for peace 2007 to the Intergovernmental Panel on Climate Change (IPCC)
and Al Gore "for their efforts to build up and disseminate greater knowledge about
man-made climate change, and to lay the foundations for the measures that are
needed to counteract such change”. Indeed, the climate system of our planet is
very complex and still far from being understood. The investigation of naturally
occurring climate change is the key to the understanding of anthropogenic influence
on climate change. Mineral dust and other aerosols as well as trace gases present
in the atmosphere have a great effect on our climate even without any human ac-
tivity, where the net effect of aerosol on the radiative budget of the Earth is still
insufficiently constrained ([IPCC, 2007]). Figure 1.1 illustrates different species in-
fluencing the world’s climate. CO5 and the other greenhouse gases have the largest
amplifying effect. The contribution of aerosols, which also include mineral dust, to
radiative forcing can be divided into direct and indirect effects. A direct effect occurs
through light scattering on particles in the atmosphere (e.g. [Tegen et al., 1997],
[Harrison et al., 2001], [Sokolik et al., 2001]). Reflection of incoming solar radiation
with shorter wave length causes a cooling, whereas scattering of outgoing infrared
radiation with longer wave length causes a warming of the atmosphere. Depending
on a variety of factors, like particle size and the nature of the underlying earths
surface, one or the other effect dominates ([Arimoto, 2001]). A recent study demon-
strated far reaching, also economical, consequences of this effect ([Lau and Kim,
2007]): A large dust storm event in the Sahara during the early hurricane season
(July - September) in 2006 produced a high dust load in the atmosphere over the
Atlantic. The accompanying cooling of the sea surface temperature, could be the
reason for the absence of strong hurricanes reaching the North American continent
later during that year. Beside the direct effect of dust on the radiation balance, an
indirect consequence is possible by particles acting as cloud condensation nuclei and
influencing the cloud cover ([Duce, 1995], [Mahowald and Kiehl, 2003]). Both direct
an indirect effect have still a high degree of uncertainty indicated by the large error
bars in Figure 1.1. Dust can provide reaction surfaces not only for water vapour,
but also for other reactive gases and therewith moderate chemical processes in the
atmosphere ([Dentener et al., 1996]).
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Figure 1.1: Components contributing to radiative forcing, 1750 - 2005, (figure taken from [IPCC,
2007]).

Beside its physical properties, the chemical qualities of dust have a large impact
on the global climate. The mean concentration of iron in the upper continental
crust, the parent material for dust, is 30.9 mg - g~! ([Wedepohl, 1995]). The major
portion of the earth surface consists of water and represents a large sink for aeolian
dust. Hence dust is an important source of iron to the world “s oceans. Enhanced
iron supply to the ocean increases the algae growth accompanied by an increased
potential for COq-uptake of the ocean ([Watson et al., 2000]). This connection
is especially important for the iron limited regions in the Southern Ocean. Here
atmospheric dust supply is low, originating from small dust sources in Argentina,
Australia, and South Africa ([Prospero et al., 2002]). Changes in these small desert
regions may have a disproportionately large global impact ([Jickells et al., 2005]).
Climate archives show an up to two orders of magnitude higher dust concentration
during glacial times than during Interglacials (e.g. [EPICA Community Members,
2004]). The lower atmospheric dust load during warmer climate causes a lower dust
input into the oceans and therewith a decrease of their biological productivity. The
COs concentration in the atmosphere raises and therewith the temperature accom-
panied with low dust concentrations. On the other hand, high dust concentrations

in the atmosphere and high dust input into the oceans during Glacials produce a



lower atmospheric CO5 concentration and lower temperature, associated with higher
atmospheric dust load. Therewith, CO, and dust compose a self-energizing system
([Ridgwell and Watson, 2002], [Ridgwell, 2002]), which can explain CO, changes of
20 - 30 ppmv ([Koehler et al., 2005]). Not only oceans, but also terrestrial systems
are suspected to be fertilized by eolian input of iron. One example is the saharan
dust transported over the Atlantic ocean, which could be a major supplier of nu-
trients for the Amazon rainforest ([Swap et al., 1992], [Arimoto, 2001]). All these

examples show the importance of mineral dust for our climate.

Dust is not only important as a species influencing our climate, it is also used
as a proxy indicator for aridity and changes in the past global wind systems ([Rea,
1994], [Kohfeld and Harrison, 2001], [Yung et al., 1996]). The climate from the past
has to be studied, to understand the naturally occurring climate change. Ice cores
(e.g. [EPICA-community members, 2006], [EPICA Community Members, 2004]),
marine sediments (e.g. [Lisiecki and Raymo, 2005]) or tree rings ([Martinelli, 2004])
are valuable archives storing information about paleo climate. Especially in ice
cores, a wealth of information is enclosed simultaneously covering a period of up
to almost one million years: Isotopic composition of oxygen and hydrogen yields
information about paleo temperature (e.g. [EPICA Community Members, 2006]).
Air kept in bubbles in the ice represents the gas composition of the paleo atmosphere
(e.g. [Spahni et al., 2005], [Siegenthaler et al., 2005]). Changes in the solar activity
and the geomagnetic field intensity can be reconstructed using “Be measured in ice
cores (e.g. [Beer et al., 1988], [Beer et al., 2006]). Dust and ions from ice cores give
the past aerosol composition. A peculiar quality of dust as a paleo climate proxy
is, that different information can be obtained on the same particle: size, chemical
composition and total concentration in the archive. Particles with a diameter of
a few micro meter or less can be transported by winds over long distances (e.g.
[Grousset et al., 2003]). In general, the dust size decreases during transport from
the source to the sink due to gravitational settling. Hence, dust size profiles obtained
at a certain site are unique data to reconstruct past wind intensities ([Rea, 1994]).
By comparing the chemical or isotopical composition of dust in the archive with
the one in the potential source areas (PSAs), the sources of the dust in the archive
can be identified ([Grousset and Biscaye, 2005]). Finally, dust concentrations reflect

changes in the dust source and during transport.

The dust input on ice sheets in remote polar regions is solely aeolian origin. Thus,
ice cores drilled in this area are a unique possibility to study past dust transport
characteristics. Within the European Project for Ice Coring in Antarctica (EPICA)

two deep drillings were conducted in Antarctica (Figure 1.2). One of them in Dron-
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Figure 1.2: Map of Antarctica with selected drilling locations of ice cores, where dust concentration
and size profiles were measured: EDML: EPICA-DML (this work), EDC: EPICA-Dome C, DB:
Dome B, KMS: Komsomolskaya ([Delmonte et al., 2005]).

ning Maud Land (DML) facing the Atlantic Ocean and the other one at Dome C in
a region of Antarctica facing the Indian ocean. The latter has a lower accumulation
rate of 25 kg m~2 year~! offering a long record of more than 800000 years ([EPICA
Community Members, 2004]). The former has a rather high accumulation rate (64
kg m~2 year~!, [Ruth et al., 2007b]) offering a higher resolution up to marine isotope
stage (MIS) 4 ([Fischer et al., 2007a]). The two EPICA ice cores have a common
age scale established by a tight synchronization of volcanic horizons ([Ruth et al.,

2007b], [Severi et al., 2007]).

Measurements of dust in ice cores from Antarctica show dust concentration changes
on Glacial - Interglacial timescales of about two orders of magnitude (e.g. [EPICA
Community Members, 2004], [Fischer et al., 2007al, [Delmonte et al., 2004b]). These
measurements represent always mean values of several years. Up to now the observed
amplitude of Glacial - Interglacial dust concentration changes cannot be reproduced
by global circulation models ([Mahowald et al., 2006]). Model results for Greenland
ice cores indicate, that taking into account seasonal changes in dust emission and
deposition is necessary to explain the observed dust concentration changes ([Werner
et al., 2002]). For Antarctica no dust measurements in glacial ice in seasonal reso-
lution are published up to now. However, the high accumulation EPICA-DML ice
core enables dust measurements showing seasonal variations in dust concentration

and size.



[sotopic measurements on Strontium and Neodymium defined the Patagonian
desserts as the source for dust in the Indian sector of Antarctica during the Glacials
with some possible contributions from another source during Interglacials ([Del-
monte et al., 2002a]) most likely of Australian origin ([Revel-Rolland et al., 2006]).
Due to its geographic location closer to South America than the other ice cores
drilled in East Antarctica and its position downwind of the cyclonically curved at-
mospheric pathway from Patagonia ([Reijmer et al., 2002]), a strong influence of
the Australian source seems unlikely in DML ([Fischer et al., 2007a]). But this
assumption was not confirmed by measurements up to now. Isotopic measurements
on Strontium and Neodymium need large volume of ice (300 g to 2-3 kg in Glacial
and Interglacial samples, respectively, [Delmonte, 2003]). Since drilling ice cores in
Antarctica requires a huge effort in time, money and logistics, ice is very precious
and sample volume very limited. Analysis on ice cores have to performed on as
small samples volume as possible. Rare Earth Elements (REE) fingerprints were
used to identify dust provenances e.g. in Australia ([Marx et al., 2005b]) and may
serve as a tool to identify sources of Antarctic ice core dust using a sample volume
significantly smaller than for isotopic measurements on Sr and Nd.

In this work changes in dust concentration, size and composition of the REE are

investigated in the EPICA-DML ice core. The underlying questions are:

1. How did the dust concentration and size change on subannual timescales dur-

ing cold and warm stages?

2. How much of the (seasonal) dust concentration changes can be explained by

the source and how much by transport?

3. Do REE have the potential to be used to identify the sources of dust in Antarc-

tic ice cores?

4. Wherefrom originates dust reaching the EPICA-DML drill site in the last

Glacial and how did the sources change during the transition to the Holocene?

Topic 1 and 2 will be discussed in Chapter 5, topic 3 and 4 in Chapter 6. Chapter 2
and 3 provide background information about dust and REE. Chapter 4 describes the
measurements of dust concentration and size. Additionally four papers are attached,
which evolved during this work. Paper I describes the connection between southern
and northern hemisphere inferred by the EPICA-DML ice core. Paper II focuses
on sea-salt and dust concentration in the two EPICA ice cores and explains how
much of the Glacial-Interglacial changes in the dust concentration can be explained

by the source and by transport. The personal contribution to both papers was
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laboratory work on the continuous flow analysis to obtain, ionic species, dust and
other parameters and discussion of the results. Paper III will be submitted to
Analytica Chimica Acta. Different inductively coupled plasma mass spectrometer
(ICP-MS) systems for the analysis of REE are compared. A new method using the
ICP-Time of flight-MS is presented. The personal contribution were measurements
on the ICP-Sector Field-MS and the discussion of the results. Paper IV is submitted
to Environmental Science & Technology. It compares different proxy parameter,
that are used to describe dust. The personal contribution was the discussion of the

results and the calibration for the laser sensor system.



2 Physical and Chemical Characteristics of Dust

2.1 Dust as an Aerosol

Solid and liquid suspended particles in the atmosphere are denoted as aerosol ([Fe-
ichter, 2003]). From the earth surface discharged aerosol, so called primary aerosol,
includes sea salt and dust. The sink of aerosol in the atmosphere is removal by
wet and dry deposition. Sea salt refers to aerosol emitted from the oceans surface,
whereas dust consists of wind deflated mineral material from continental areas, ma-
terial ejected during volcanic eruptions, industrial emission, fire and cosmic material.
The first one of these represents the main portion of the dust aerosol in the small
size class with a diameter d < 2 pm ([Pye, 1987]). In the following the term dust
denotes windblown mineral material from continental areas. It is characterized by
its chemical properties like its elemental composition and its physical properties like
its size or shape. Common size classes for dust are clay (d < 2.5 um), silt (2.5
pum < d < 60 um ) and sand (60 pm < d < 2 mm). Due to stronger gravitational
settling with increasing size only clay plays an important role in long range trans-
port. Further aspects of the size of long traveled dust will be specified in Section
2.3.

The influence of dust on the climate is well known, even if the strength of the
influence has a large uncertainty [IPCC, 2007]. Impact on the radiative balance occur
directly by scattering and absorbtion of radiation by dust particles and indirectly
through cloud formation, when particles act as condensation nuclei. In addition,
enhanced biological activity in the Southern Ocean through iron fertilization by dust
input can influence the atmospheric budget of the greenhouse gas CO, ([Ridgwell
and Watson, 2002]).

Another important factor of dust, beside its influence on climate, is its potential to
be interpreted as a climate proxy (e.g. [EPICA community members, 2004]). High
aridity and storminess increase the dust input into the atmosphere and lower pre-
cipitation, accompanying higher aridity, reduce the wash-out from the atmosphere,
thus enable higher atmospheric dust load and more effective transport especially in
remote areas, like Antarctica and Greenland.

Therefore it is of great value to measure dust in different palaeo climate archives

like marine sediments (e.g. [Rea, 1994]), peat bogs (e.g. [Martinez Cortizas et al.,
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2005]) and ice cores (e.g. [Wolff et al., 2006]). Different dust characteristics are
used to extract information from the archive. In ice core science, Ca?" (rather
nssCa = Ca?" corrected for Ca** originating from sea salt) is widely used as a tracer
for mineral dust, since it can be easily measured by standard ion chromatography
(IC) (e.g. [Fischer et al., 2007a], [Rothlisberger et al., 2002], [Ruth et al., 2002]).
Ca?* has a mean abundance of 4.6 % in the continental crust ([Albarede, 2003]),
but, like for all other chemical species used as a proxy for dust, the mineralogical
and chemical composition is variable and influences also the Ca?* -content in the
dust. Moreover, by using IC only the water soluble fraction of the dust is quantified.
Other elements, like Fe and Al can serve as tracer for mineral dust as well, but more
challenging methods like Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) have to be performed to measure these elements. Furthermore, the problem of
varying abundance and solubility, is size dependent for all elements ([Claquin et al.,
1999], [Fung et al., 2000], [Mahowald et al., 2002]). Another approach to quantify
dust, which avoids these problems, is to measure the particle concentration by laser
blocking sensor or electric sensing zone techniques to quantify the non water soluble
fraction of the dust (e.g. [Delmonte et al., 2002a], [Ruth et al., 2003]). Thus, not
only the concentration, but also the size of the unsoluble dust can be measured. A
detailed comparison of different proxies for dust measured in ice cores is performed
by [Ruth et al., 2007a]. In the following, if not specified otherwise, dust is denoted
as the non water soluble particle concentration measured by electric sensing zone

technique or laser blocking sensor.

2.2 Dust in Ice Cores

Successively deposited snow layers on polar ice caps are a valuable archive for past
climate up to 800 000 years ([EPICA community members, 2004], [EPICA commu-
nity members, 2006], [NGRIP-Members, 2004]). Owing to its 98 % coverage with
ice and its long distance to the surrounding continents, Antarctica represents one of
the cleanest areas in the world and dust concentrations in ice cores are extremely
low (7-9 % in Holocene ice, [Delmonte et al., 2004b]). This demands very high
analytical efforts not to contaminate samples during the analysis in the lab. Addi-
tionally, obtaining ice cores from this remote locations requires a high logistic effort,
which increases with both the length and the size of the obtained core. Therefore
the sample volume available for the analysis is very limited.

Figure 2.1 shows the dust and deuterium record of the Dome C ice core record.
Dust concentrations vary by 2 orders of magnitude in anti phase with the tem-

perature proxy 0D between glacial and interglacial times, with lower values during

10



2.3 Description of the Dust Size
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Figure 2.1: Deuterium (top, green) and dust (bottom, blue) record of the Dome C ice core ([EPICA
community members, 2004]). The strong relationship between dust and temperature is obvious.

warmer climate (indicated by higher 6D values). Even small excursions to warmer
climate during the last Glacial found in the ¢D record (Antarctic isotope maxima),
have its counterpart in the dust record evidencing a strong relationship between dust
concentration and temperature. To explain, how much of these changes is caused by
source influences and how much the transport affects these changes is part of this

work.

2.3 Description of the Dust Size

The dust size can be described by several parameters: Widely used in ice core science
is the logarithmic normal distribution (log-normal distribution, Figure 2.2, [Royer
et al., 1983], [de Angelis et al., 1984], [Steffensen, 1997], [Ruth et al., 2003]).

1 (logd—logpy)?

V(logd) = —=20—e 2 ooy

T 2rlogoy

The log-normal distribution is defined by the modal value py, the amplitude A =
m?—gm and the standard deviation logoy . The volume or mass size distribution has
to be distinguished from the number distribution. Volume and mass size distribution
only differ by a factor of ~ 2.5 g-cm™2, whereas the number distribution is shifted to
lower sizes. In the following the modal value of the volume or mass size distribution
will be used and denoted with mode or p. An example obtained in the EPICA-DML

ice core is given in Figure 2.2. Typical values for the mode in Antarctic ice cores

11
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number distribution

example from
the depth 1082.53 m
o, = 1.59

¢ mass distribution ., = 1.73

arbitrary units

mode Y

1 2 .10
u,, ~ log(o,) u,, *+ log(o, ) diameter [um]

Figure 2.2: Example for a size distribution measured in the EPICA-DML ice core at a depth of
1082.53 m. The mass or volume distribution is shown in red, the number distribution in blue. The
dotted line follows the logarithmic normal distribution, which is fitted to the mass distribution
using the part of the distribution marked with the thick red line.

lie around 1.9 - 2 um (e.g. [Delmonte et al., 2002a]) and 1.5 to 2 pumin Greenland
([Ruth et al., 2003], [Steffensen, 1997]). logoy gives the width of the distribution
by its deflection points which are located at loguy + logoy and loguy - logoy.
Since this distribution has several mathematical advantages, it is very convenient
to use, however does not fully reflect the features of measured size distributions in
ice cores. Therefore, [Delmonte et al., 2002b] introduced the 4-parameter Weibull
distribution, which takes into account the slight asymmetry of the particle spectra.
For discussing dust size changes over longer time scales the fine and coarse particle
percentage (FPP and CPP) are used as well ([Delmonte et al., 2004b], [Delmonte
et al., 2005]). With FPP (CPP) a mass fraction of particles with diameter smaller
(larger) than the modal value is denoted. Other alternatives to describe the size
distribution are the mean mass diameter (MMD) ([Alfaro and Gomes, 2001]) or

mean number diameter (MND).

Dust size measured in remote areas such as Antarctic or Greenland ice cores gives
an indication for the efficiency of the dust transport. This and the two other factors
influencing the dust concentration and size at the sink - processes and conditions at

the source and during deposition - will be presented in the following sections.

12



2.4 Sources of Dust
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Figure 2.3: Modes of particle transport by wind. Indicated particle-size ranges in different transport
modes are those typically found during moderate windstorms ([Pye, 1987]).

2.4 Sources of Dust

The main factors determining dust mobilization are wind speed, soil moisture and
the presence of non erodible elements, like vegetation cover and rocks ([Mahowald
et al., 2005]). Figure 2.3 illustrates the process of dust entrainment into the at-
mosphere: Through surface winds, larger particles (> 500 pm) are eroded, blown
over the surface (surface creep) and blast smaller particles (< 70 um), that may
be lifted up from the surface (saltation). Cohesive forces keep particles bound to
the soil. These forces are larger for smaller particles, therefore they cannot be lifted
up directly by the wind ([Grini et al., 2002], [Alfaro and Gomes, 2001]). Note, the

saltation process are the driving process for the uplift.

After entrainment, larger particles gravitate very soon. Only sufficiently small
particles (< 20 pm) can be lifted up into the free troposphere and transported
over long distances ([Pye, 1987]). Dust concentrations in the atmosphere vary with
altitude and show, beside the self-evident maximum at the surface, another smaller
concentration maximum in the boundary layer ([Tie et al., 2005]). Dependencies
of the dust erosion from the wind speed v were found to be between the v? and
v* ([Alfaro and Gomes, 2001], [Gilette, 1978], [Gillette, 1988], [Duce, 1995]). The
frequency of occurrence of storm events has a large impact of the mobilization,
as most of the dust load in the atmosphere is raised in single events. The seasonal
cycle of vegetation has a strong control on the timing on the dust emissions ([Werner
et al., 2002]). Currently global models predict dust emissions of 1-2 Pg - year~! for
particles with a radius of less than 10 um (e.g. [Mahowald et al., 2005], [Jickells
et al., 2005]).
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Figure 2.4: Estimate of the largest global dust sources and their downwind trajectories ([Mahowald
et al., 2005], [Prospero et al., 2002]). The width of the arrows indicate the source strength. The
dominant source for dust in Antarctic ice cores is South America.

Silt- and clay-size particles are formed by chemical and physical weathering. Phys-
ical weathering summarizes processes, that disintegrate parent material in a mechan-
ical way including among others glacial grinding, frost weathering, fluvial comminu-
tion and aeolian abrasion. It tends to develop in colder and arid regions. Chemical
weathering means processes leading to chemical alteration or complete dissolution of
minerals from the parent material and rather occurs in warmer and wetter regions.

These processes are not mutually exclusive but may occur contemporaneously.

Major dust sources can be identified by satellite observations (Figure 2.5, [Pros-
pero et al., 2002]). They often can be associated with geomorphical features like
topographical lows in arid or semiarid regions ([Prospero et al., 2002]), and are of-
ten located over basin regions drained from highlands, which serve as a source of
supply of small particles ([Mahowald et al., 2005]). Figure 2.4 gives an overview
of the world “s main dust sources and their downwind trajectories. Clearly identi-
fiable are the large sources on the northern hemisphere located in northern Africa
and Asia, and on the southern hemisphere in South America, southern Africa and
Australia. Even though dust sources in southern Africa, Australia and southern
South America are smaller by their strength and their extent than the sources in
northern Africa, their vicinity to the Southern Ocean and their potential for iron
fertilization in the areas of high nutrient and low chlorophyll concentration (HNLC)

makes them particularly important ([Mahowald et al., 2002]). Figure 2.5 allows a
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2.4 Sources of Dust
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Figure 2.5: Dust sources on the Southern Hemisphere. The numbers, an index describing the
source strength, increase with increasing source strength (taken from [Prospero et al., 2002]).

closer look to the dust sources of the southern hemisphere identified with satellite
imagery. In South America three persistent sources were identified: Patagonia (39°
- 52° S), central-western Argentina (26° - 33° S) and the Puna-Altiplano plateau
(19° - 26° S). In Australia the main dust source is located in the Great Artesian
Basin, the drainage area of Lake Eyre. Three sources located in southern Africa
were identified: northwest of the Okavango Delta in the lowest part of the Kalahari
desert, the Etosha Pan and the weakest one in the Namib desert.

Up to now isotopic measurements are used to identify sources of dust in ice cores.
On the basis of comparing the clay mineralogy and the Sr, Nd and Pb isotopic
fingerprint of dust samples from PSAs with dust in the GISP2 ice core, the east Asian
deserts were identified as sources for the dust in Greenland ice cores ([Biscaye et al.,
1997]). Patagonia and the Argentinean Pampas were identified as the main source
for dust in East Antarctic ice cores during the Glacial with minor contributions from
Australian sources during Interglacials ([Basile et al., 1997], [Delmonte et al., 2002a],
[Revel-Rolland et al., 2006]). The dust sources for DML were not determined up to
now. Since DML is directly downwind of Patagonia it has likely the same source
as Dome C, but it was up to now never verified. The main characteristics of the
Patagonian region are summarized by [Gaiero et al., 2003] and [Gaiero et al., 2004].

There are some disadvantages using isotopic measurements as a tool for prove-
nance analysis of Antarctic dust: The amount of samples from the PSAs is limited
and they do not separate completely. Using Sr and Nd isotopic fingerprints, Africa
is separated well, but all other PSAs show an overlap ([Delmonte, 2003]). The sam-
ple volume used for the analysis varied between 300 g and 2-3 kg for Glacial and

Interglacial dust concentrations, respectively ([Delmonte, 2003]). Since retrieving

OGISP2: Greenland ice sheet project
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2 Physical and Chemical Characteristics of Dust
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Figure 2.6: Atmospheric lifetime of different dust size classes ([Tegen and Fung, 1994], [Tegen and
Lacis, 1996])

Antarctic ice cores is extremely expensive and needs extremely high logistic effort,
which increases with sample volume, it is in great demand to use as little sample
volume as possible for the analysis. Measurements of REE using ICP-SF-MS may
offer another possibility to identify sources using smaller sample volume than for

isotopic measurements.

2.5 Transport of dust

Besides the source, other main factors influencing the dust concentration in ice cores
are processes occurring en route and deposition processes. The dust concentration
in an air parcel en route ¢,;.(t) can be described at any time in a first order approx-

imation by

Cair(t) = Cair (0)e™7 (2.1)

with a dust concentration close to the source ¢,;,-(0), the transport time ¢ and the

average atmospheric residence time 7. Typical values for 7 were determined in a

range from several days to weeks, dependent on size, ranging for example from 13

days for clay (d ~ 0.7um) to 1 hour for sand (d ~ 38um) (Figure 2.6, [Tegen and
Fung, 1994)).

Removal of dust from the atmosphere is governed by wet and dry deposition pro-
cesses. Wet deposition can be distinguished in in-cloud or below-cloud processes.
The former occurs when particles act as condensation nuclei during cloud forma-
tion. Smaller particles may be incorporated in already existing droplets through
precipitation scavenging, when rain droplets or snow flakes remove particles from
the atmosphere by capturing them while falling. Wet deposition is always associated

with precipitation and is virtually independent of the particle size. Dry deposition
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2.5 Transport of dust

is governed by sedimentation caused by gravitation and is particularly important
for larger particles. For low precipitation areas like the East Antarctic plateau, dry
deposition is the dominant deposition process ([Legrand and Mayewski, 1997]).
For dust in ice cores in Greenland the transport changes en route are described
by a simple quantitative model by [Ruth et al., 2003] (improved by [Fischer et al.,
2007b]). It hypothesizes, that the dust concentration in the atmosphere cg;,(t) is
changed with time from the initial dust concentration in the atmosphere c,;(0) by
wet deposition v, and dry deposition vg,.,, proportional to ¢ (t). vary is governed
by Stoke’s settling and therewith proportional to d?. v, is dependent on the
scavenging efficiency e, and the precipitation rate during the transport A and is
independent from the particle diameter. For an individual size, the differential

equation describing c,;,. emerges as follows:

de‘T(d, t)
dt
with H the hight of the scavenging column, k a constant. This assumption holds

H = —Cqir [Udry + Uwet] = —CaiT[k’dZ + €A(t)] (22)

even for each individual size class by neglecting interaction between different size
classes. Assuming a log-normal distribution of the particles volume (for details see
chapter 2.3)

1 (logd—logpg)?

V(t,logd) = ghee ™

and a loss in the concentration described in Equation 2.2, this leads to a relation

for the shift of the mode during transport, which can be described by

Hair
Ho
With Equation 2.3 for two different stages I and I/ (e.g. summer and winter)

log

t
= —2ln10ku3ir§ -log*oy. (2.3)

a relation between the ratio in transport time and the mode of the log-normal

distribution emerges as

I I IT2,01
Hair Hair Hair t
loguﬂr = log o (1-— éir2t—1). (2.4)
Using Equation 2.1 for two different stages I and 11
I
Ciyt)) _ Clin(0)e 7
CIL) ™ Gnt (o)
the concentration change can be described with
I (41 I
Cair(t ) _ Cair(o) . 6%(1_%#). (25)

CIL(¢T) — CII(0)

air awr
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2 Physical and Chemical Characteristics of Dust

With this relation dust concentration changes in ice cores can be quantified in a

I
contribution inferred by the source % and by the transport exp(%(l - 5—117'%[1))

The detailed derivation of this relation is given in Appendix F.

This simple model allows to separate changes in the dust concentration in ice
cores quantitatively in changes attributed to the source or during transport. [Ruth
et al., 2003] applied this model to dust size measurements in Greenland ice cores.

Size distribution measurements constraining the dust transport to Antarctica were
performed on four ice cores on the East Antarctic plateau (Dome C, Vostok, Dome
B and Komsomolskaia (KMS)) ([Delmonte et al., 2004b]). In the Dome C and the
KMS core a decrease in the mode from 16000 yr BP corresponding to the late tran-
sition to 12000 years corresponding to the early Holocene is observed. In Dome B
in the same time interval the mode increases. The FPP shows an opposite behavior
in the different locations during the Glacial-Interglacial transition, as well. While it
increases in KMS and Dome C, it decreases in Dome B from 20000 yr BP to 10000
yr BP ([Delmonte et al., 2004b]). The authors explain this phenomenon by trans-
port in different elevations for coarser and finer dust. They suggest that relatively
coarse dust is transported with air masses penetrating the polar atmosphere from
the middle-lower troposphere and fine dust lifted up in the upper troposphere air
masses and penetrate through subsidence in the polar troposphere. The opposite
changes of the dust size at different locations is explained by progressive southward
displacement of the polar vortex during the last climatic transition ([Delmonte et al.,
2004b]) changing the relative contribution of those two dust pathways at the indi-
vidual sites. This hypothesis explains well the dust size changes at the four above
mentioned sites. Measurements from the EDML site show no significant change in
the mode and the MMD between the last Glacial and the Holocene ([Ruth et al.,
2006], [Fischer et al., 2007b]) and cannot be explained by this hypothesis. This
opposite behavior of the dust size at the different sites indicate, that dust transport

to Antarctica is complex and exclude a generalized transport pattern to all sites.
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3 Rare Earth Elements

One aspect of this work is to study the potential of the REE to distinguish the
geographic sources of the dust in Antarctic ice. The following chapter provides

background information to illustrate this concept.

REE include elements with the atomic number 57 to 71 (Figure 3.1). These
elements are Lanthanum (La), Cerium (Ce), Praseodymium (Pr), Neodymium (Nd),
Promethium (Pm), Samarium (Sm), Europium (Eu), Gadolinium (Gd), Terbium
(Tb), Dysprosium (Dy), Holmium (Ho), Erbium (Er), Thulium (Tm), Ytterbium
(Yb) and Lutetium (Lu). The 14 elements following La in the periodic table are
also called ”Lanthanides”. The electron configuration is [Xe] 6s%4f™, with n = 1 to
14, with the exception of La with an electron configuration [Xe] 5d'6s*, Gd ([Xe]
4f75d'6s%) and Lu ([Xe] 4f115d*6s%). With increasing atomic number the inner f-
shell is filled up with electrons, whereas the outer electron configuration remains the
same. Although the REE have in general very similar chemical properties they show
small but significant differences. With increasing nuclear charge, and the thereby
accompanied increasing attractive inner atomic forces, the atomic radius decreases.
This is known as the "lathanides-contraction”. By their increasing atomic weight
the REE are often grouped into light REE (LREE, La-Nd), medium REE (MREE,
Pm-Dy) and heavy REE (HREE, Ho-Lu).

Generally, REE form the +3 oxidation state, with the exception of Eu and Ce,
which, depending on the redox environment, tend to form the +2 and +4 oxidation
states, respectively. These two features, the lanthanide contraction and the different
ionic states, cause the main differences in the REE patterns in rocks during their

formation (see below).

The REE concentrations in rocks plotted versus the REE’s atomic number show
a very characteristic saw tooth pattern (Figure 3.2). This is caused by the processes
during the nucleo genesis, since nuclei with even atomic numbers are energetic more
favourable, and therefore more abundant than nuclei with odd atomic numbers. In
addition, the abundance of REE generally decrease with their atomic weight. This
systematic effect can be eliminated by normalization of the REE pattern. That
means the measured REE values are divided by reference REE values (see Equation
3.1).
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Figure 3.1: Periodic table of elements. REE are marked with red boxes.

REFE
EEnorm - 5= 1
R REETeference (3 )

Commonly used reference values are the concentration in Chondrites (CI), the
upper continental crust (UCC) and the post-Archean Australian shale (PAAS), but
any other normalization could be used. In this study mainly the UCC ([Wedepohl,
1995]) is applied for normalization. As Pm lacks a stable isotope the REE pattern is
interrupted at this position. The Pm isotope with the longest halflife of 17.7 years
is 145Pm.

REE are trace elements (TE) and are incorporated into minerals during mineral
formation. The concentration of TE and therefore REE can change during the
transition between two states of the mineral. The degree of REE incorporation into

a mineral can be described with the distribution coefficient D.

D=4 (3.2)
CB

with ¢4 the element concentration in phase A, for example liquid phase, and cp the
element concentration in phase B, for example solid phase. D depends on several
parameters like temperature, pressure, structure of the mineral, ionic state, and
ionic radius (e.g. [Adam and Green, 1993]). Generally, TE occupy places in the
lattice by replacing major elements. The occupation of defects in the lattice can be
quantitatively neglected ([Buseck and Veblen, 1978]). If two different ions in the
same ionic state compete for one lattice place, the ionic radius is the determining
factor ([Ringwood, 1955],[Philpotts, 1978] and references therein). Because of that
the LREE and the HREE will have different distribution coefficients due to their
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Figure 3.2: REE concentration in the upper continental crust (UCC) and the post-Archean Aus-
tralian shale (PAAS) ([Taylor and McLennan, 1985], [McLennan, 1989]). The pattern is interrupted
at the position of Pm because of the lack of a stable isotope of this element.

different radii. The distribution coefficients of Eu and Ce show an anomaly due to
their different oxidation state. Figure 3.3 gives examples for distribution coefficients
of specific minerals relative to their bulk abundance in a basaltic melt. Clearly
visible is the Eu-anomaly and the differences in the HREE-LREE ratios in different
minerals. Elements with a distribution coefficient between fractionated solid state
and residual melt D < 1 are called compatible, those with D > 1 incompatible
([Albarede, 2003]).

According to their distribution coefficients, the REE are built into the minerals
during rock formation and produce a characteristic fingerprint for the specific rock.
Figure 3.4 gives a simplified overview of the REE differentiation during rock for-
mation. The primitive earth mantle has the chondritic REE pattern. During the
extraction of the earths crust, the more compatible LREE are enriched in the crust,
while the mantle becomes progressively depleted in LREE. Through inner crustal
differentiation Eu gets enriched in the lower crust and depleted in the upper crust,
respectively. From the mantle material, mid-ocean ridge basalts (MORB) may form
and cause a further LREE depletion in the residual mantle. In subduction zones,
crustal material returns into the earth mantle and may form new crust. Partial melt-
ing of upper mantle rocks is a major process of incompatible element accumulation
in the crust ([Wedepohl, 1995]).

Due to the very similar chemical behaviour of the REE the imprinted character-
istic fingerprint survives also during weathering. Through physical and chemical

weathering from the rocks small particles are generated that may travel as dust
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0.1+

0.014

Relative to Basaltic melts

0.001+

0.0001

— T T T T T T T T T T T T T 1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 3.3: Examples for distribution coefficients of different minerals relative to their bulk abun-
dance in a basaltic melt ([McKay, 1989]).

aerosols over long distances (see Section 2.5). Because the REE pattern is already
imprinted during the initial rock formation, it might serve as a means to identify
the sources of this mineral dust.

In the literature there is no clear evidence how the differences in the minerals are
represented in different continents. [Taylor and McLennan, 1985] reports the largest
changes of REE composition in rocks during the archean proterozoic boundary. On
the other hand [Gibbs et al., 1986] attribute this difference to the different rocks
available from the archean and from the proterozoic era. There are several studies
showing differences in REE fingerprints, e.g. in Australia, New Zealand ([McGowan
et al., 2005], [Marx et al., 2005a]), South America ([Gaiero et al., 2004]) and in the
Pacific Ocean ([Greaves et al., 1999]), but there is no systematic study published,
how REE pattern differ between the continents. The first question to be answered
is, if the dust sources of the continents in the Southern Hemisphere show enough
differences in their REE fingerprints to separate them from each other. For this study
33 samples from PSAs of Antarctic dust were analyzed on their REE concentrations
and compared to each other. In a next step it was investigated, whether these

fingerprints can be found in Antarctic ice core samples.
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Figure 3.4: Simplified schematic overview of the REE cycle.
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4 Dust Measurements in Ice Cores

For the filling and decontamination of the samples a melt head in combination
with a continuous flow system was used ([Ruth et al., 2002], [Réthlisberger et al.,
2000]). Figure 4.1 illustrates the system in a schematic setup. An ice bar with

? cut out of the inner part of the ice core (Figure

a cross section of 32x32 mm
4.2) is continuously melted on a heated melt head. The melt head is subdivided
in two sections. The melt water from the outer part is used for measurements
not endangered to contamination, e.g. interplanetary dust ([Winckler and Fischer,
2006]) or is discarded, whereas the melt water from the inner section is used for
measurements with a high risk of contamination. A detailed description of the
continuous flow system is given by [Ruth et al., 2002] and [Réthlisberger et al., 2000].
Depending on purpose different measurements can be conducted on the clean melt
water from the inner part of the melt head. In this work two different methods are
used to measure the concentration and size distribution of dust in ice core samples.
The first technique is based on an optical detection of the particles using a laser
sensor (LS), the second technique is based on the impedance of the particles in an

electrolyte, the so called Coulter principle, using the Coulter Counter (CC). In the

following the two methods are described briefly.

4.1 Laser Sensor

The principle of measurement with the LS relies on an optical method (see Figure
4.3). After melting the ice or snow sample (possibly coming from the melt head),
the water is pumped through a small cuvette, transilluminated by a laser. A particle
passing the laser beam causes a shading, that is detected by a photodiode located
opposite to the laser. The shading is induced by a superposition of scattering and
shadowing processes. Thus the cross section of the particle is detected and is con-
verted into volume assuming spherical shape. The presence of non-spherical particles
produces errors ([Hayakawa et al., 1995b], [Hayakawa et al., 1995¢|, [Hayakawa et al.,
1995a]). This is particularly important for elongated and irregular shaped particles
([Naito et al., 1998]). The calibration provided by the manufacturer was performed
with spherical latex particles. The particles in ice cores do not have to be spherical.

Therefore, the results achieved by a calibration using spherical particles may be
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4.1 Laser Sensor
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Figure 4.1: Schematic setup of the CFA-system: The water line coming from the melt head is split
up in different analysis. For the LS calibration the entire melt water from the inner part of the
melt head, first passes the LS, , where the size distribution is acquired with a frequency of 1 s~ 1,
and is afterwards filled in distinct samples for CC analysis. For the REE analysis, samples are
filled into PS vials (photograph of the melt head by Urs Ruth).
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Figure 4.2: Cutting scheme for the EDML ice core. The ice used for the CFA analysis is taken
from the inner part, labeled with "CFA”. The number are given in mm. Additionally CFA pieces
were cut out of the part denoted by ”discontinuous samples” (see text).
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4 Dust Measurements in Ice Cores
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Figure 4.3: Schematic overview of the LS’s operating mode (figure taken from [Ruth et al., 2002]).
The particle passing the laser beam causes a shading, that is detected by a photodiode located
opposite to the laser.

subjected to errors when measuring ice samples. This concerns particle size, though
not number. However, when measuring samples with a high dust concentration,
particles passing the laser beam simultaneously cannot be resolved as two distinct
particles, but will be identified as one larger particle. This coincidence process af-
fects in any case the number of measured particles. The influence of the mass will be
evaluated in this study. In order to improve the size calibration an intercalibration
between the CC and the LS was carried out by measuring identical snow and ice
samples with the CC and the LS. A detailed description of the calibration procedure
is given in Section 4.4 and by [Koopmann, 2006]. One major benefit of the LS is the
possibility to run it in a continuous mode within a CFA-system ([Ruth et al., 2002],
[Réthlisberger et al., 2000]). With the setup used in this work the size distribution
can be read out every second, thus enabling very high resolution dust profiles in ice
cores with up to one measured value per 0.2 mm. However, the dispersion of the
sample in the tubes limits the overall resolution to 1 cm (personal communication
P. Kaufmann). By taking the water line from the inner section of the melt head
no additional sample preparation and decontamination is needed and the sample
can be used for other measurements after passing the sensor. The whole system is
easily transportable enabling measurements in the field. The LS used in this work
was built by Markus Klotz GmbH, Bad Liebenzell, Germany, equipped with a diode
running at a wavelength of 670 nm. The measurement range lies between 0.8 and
10 pm and can be subdivided in 32 size bins. The data readout was performed
with a control device so called ” Abakus”, also built by Markus Klotz GmbH, Bad

Liebenzell, Germany.
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4.2 Coulter Principle
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Figure 4.4: Schematic overview of the Coulter Principle: The sample containing the particles to be
analyzed is pumped through the hole marked with ”sensing zone”. The voltage pulse induced by
the passing particles through the hole is proportional to the particles volume. The sample volume
between the ”sensing zone” and the lower end of the glass tube is dead volume.

4.2 Coulter Principle

The Coulter principle was invented by Wallace Henry Coulter in 1959 ([Coulter,
1959]). It is based on the effect that particles pulled through an orifice, concurrent
with an electrical current, produce a change in impedance proportional to the volume
of the particle passing the orifice (Figure 4.4). For the measurements a glass tube
with a small aperture is brought into the sample. To provide an electrical current
an electrolyte (in this work a 20 % NaCl solution made of NaCl (reinst, Merck)
and ultra pure water (Resistivity: 18.2 MW-cm, Milli-Q-System, Millipore)) has to
be added. A voltage is applied between the outer and the inner part of the glass
tube. While pumping the electrolytic sample through the aperture, particles passing
the orifice displace the electrolyte by their own volume. This displacement causes a
voltage pulse, whose height is proportional to the particle volume. Thus, the Coulter
Principle quantifies directly the volume, which is converted into size in terms of a
radius assuming spherical particles. The size calibration is performed with a single
point, but is checked with several other size standards (Partikelzéhlstandard, BS-
Partikel Wiesbaden, Germany) (Figure 4.5(a)).

The influence of changes in the conductivity of the electrolyte was tested and
found to be not crucial (Figure 4.5(b)). In the range from 0.5 to 2 % NaCl solution
the result shows a very slight decreasing trend, but does only change within the
error bars, which give the half width of the calibration peaks. The measurements of
ice core samples were performed in a 1 % NaCl solution. This method needs at least

5 mL of sample, which is given by the dead volume below the orifice, that cannot
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Figure 4.5: Size calibration of the Coulter Counter measurements. The error bars give the half
width of the obtained peaks. (a) Calibration line, the dashed line gives the x=y relation. (b)

Dependency on the NaCl-concentration, the dashed lines give the nominal diameter of the used
calibration standard.

be used for the measurement. The sample cannot be used for other measurements
afterwards due to the added electrolyte. The duration of the measurement depends
on the dimension of the orifice and the required counting statistics, which in turn
is dependent on the particle concentration in the sample. For Antarctic ice core
samples it ranges from approximately 3 to 10 minutes depending on the concentra-
tion in the sample. In this work the Multisizer III built by Beckman Coulter, Inc.
was used. Up to 300 size channels can be chosen in a range from 2 to 60 % of the

aperture diameter. The aperture used had a diameter of 30 um.

4.3 Measurements of Dust Concentration and Size

Dust size distribution measurements were performed on two sections of one meter
each from the EPICA-DML ice core from the depth intervals 745-746 m and 1082-
1083 m (thereafter referred to as EDML746-06 and EDML1083-06). The ice was
melted using the melt head with a melt speed of about 1.5 cm - min™! . An overview
of the setup is given in Figure 4.1, but only the LS and the CC sample filling were
used. The entire melt water from the inner part of the melt head passed the LS,
where the size distribution was acquired with a frequency of 1 s~%. This corresponds
to a nominal depth resolution of about 0.2 mm. After passing the LS, the outflow
was collected using an auto sampler with polystyrene (PS) beakers for the analysis
with the CC. The regular filling interval was 30 seconds, and was increased to 15
seconds for selected intervals, which corresponds to a depth resolution of 6 and 3

mm, respectively. The CC aliquots had a volume between 0.9 and 2.0 mL. Since at
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4.4 Calibration of the Laser Sensor

least 5 mL are needed for a CC measurement, freshly threefold filtered ultra pure
water and threefold filtered NaCl was added to achieve 5 mL of diluted sample with
a concentration of 1 % NaCl (used filter: Minisart, 0.2 pum , Nylon Membranfilter,
Omnilab Bremen, Germany). The amount of added electrolyte and ultra pure water
varied, depending on the amount of undiluted sample available, such that finally a
solution of 1% NaCl in the sample was achieved. From each sample at least two,
mostly three to five repetitions were performed and at least 500 pL were measured.
The samples were measured as soon as possible after complete melting. The samples
were measured after one meter of core was melted and aliquoted into samples. This
resulted in a measuring delay of up to 36 h. To let particles not settle, the samples
were kept on a shaker during this time. Measurements with the CC could not
be performed under clean room conditions due to the infrastructure at AWI, but
the lids of the sampling tubes were kept closed until the NaCl solution was added
to avoid contamination. Possible contamination was quantified by regular blank
measurements within a measurement session by measuring 1% NaCl solution of
freshly threefold filtered ultra pure water and freshly threefold filtered NaCl (filter
and solution as above). The blank levels during the measurements of EDML1083-06
samples were higher due to the much higher dust concentration in these samples and
the therewith associated higher blank level in the system. Above 1 pmthe blank
was below 0.1 % of the lowest sample concentration for EDML1083-06 samples and
below 4 % of the lowest concentration for EDML746-06 samples. For larger sizes
the blank was even lower. Therefore the blank was not subtracted. For an overview
of the obtained blank levels see Appendix G.1.

4.4 Calibration of the Laser Sensor

As mentioned in section 4.1, the LS calibration is performed by an intercalibration
between the CC and the LS using identical ice samples. In this work the two sections
EDML746-06 and EDML1083-06 were used for this calibration. It is crucial for the
calibration to have exactly the same sample analyzed with both methods. The time
needed for the water reaching from the LS to the filling of the CC aliquot was 40
seconds. This was manually determined before the measurements and checked later
by maximizing the correlation of the two data sets.

The size distribution data measured by the LS were averaged on the respective
time interval of the CC sampling (15 and 30 seconds). For the calibration only
samples with a particle concentration < 350000 particle/mL were used. Above this
concentration coincidences in the LS became more numerous and might therefore

lead to an inaccurate calibration (Figure 4.9(b)). This limit was only exceeded for
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Figure 4.6: Example of a cumulative size distribution used for the calibration of the LS. To
calibrate the LS, the cumulative LS size distribution was shifted on top of the cumulative CC size
distribution.

some samples of EDML1083-06. Although the CC aliquots were filled in 15 or 30
second intervals, some of them with low dust concentrations were pooled together
before the CC measurement to achieve better statistics. These samples were used for
the data analysis, but excluded for the calibration. All together 144 samples from
EDML1083-06 and 192 samples from EDML746-06 were available for the calibration
with one data set measured by CC and one by LS.

Figure 4.6 shows an example of the uncorrected cumulative size distribution mea-
sured with LS and CC. For the calibration, the cumulative LS distribution of each
sample was shifted onto the cumulative CC distribution starting from the largest
particles, as it is indicated by the horizontal arrow in Figure 4.6 by the following
procedure: Assuming n particles in the largest size bin of the LS, the counts in the
CC spectrum were summed up starting in the largest size bin, until n particles were
accumulated and the corresponding size dzs was determined. Assuming m particles
in the second largest size bin of the LS, the counts in the CC spectrum were summed
up starting at dso, until m particles were accumulated and the corresponding size
d3; was determined. Thus consecutive all 32 new size bins dsy to d; for the LS were
determined. This corresponding size might not always meet a bin boundary in the
CC spectrum. To account for the fact, that generally more particles are counted at
the lower bin boundary, the CC spectrum was interpolated between the bin bound-
aries generating a continuous CC size spectrum. However, this interpolation might
lead to errors in the calibration. The measured CC bin width is logarithmical dis-

tributed, with broader bins for larger sizes. The broader the bin width, the larger
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Figure 4.7: Example of a distributive cumulative size distribution after the intercalibration. LS
spectrum is shown in red (volume distribution) and dark blue (number distribution), CC spectrum
is shown in violet (volume distribution) and cyan (number distribution).

the error induced by the interpolation of the CC spectrum before performing the

calibration. Thus the induced error of this interpolation increases with the bin size.

Thus, for each sample the new upper and lower bin boundaries of all size bins of
the LS were determined. Afterwards, the overall new bin boundaries were calculated
as the mean value of the bin boundaries of all 336 samples. The relationship between
the old and the new bin boundaries is almost linear up to 8 pm for the EDML1083-06
samples (R? = 0.999, see Figure 4.8(a)) and up to 5 um for the EMDL746-06 samples
(R? = 0.999, not shown). The difference in the linearity range is attributed to the
lower concentration in the EMDL746-06 samples. EDML1083-06 originates from the
last glacial and contains about 100 fold more particles that EDML746-06 originating
from the Antarctic Cold Reversal ([Blunier et al., 1998]). As can be seen in Figure
4.8(a) the uncertainty of the developed calibration line increases significantly above
6 pum. For larger particles the error inferred by the interpolation of the CC size
spectrum is larger. That this is not an effect of non geometric scattering can be
explained by the theory of light scattering: Light scattering for % > 1 can be
described by Rayleigh Scattering, for A\ &~ d the theory of Mie scattering has to
be applied and for %’\ < 1 the geometric scattering occurs, were the integral cross
section is proportional to d? ([Vogel, 1997]). In this work the laser wavelength is 670
nm, which might cause Mie scattering for particles close to the detection limit of 0.8
pm , but not for particles > 5 um . In this size range geometric scattering occurs.

It seems very unlikely that the initial calibration developed from spherical particles

31



4 Dust Measurements in Ice Cores

12 12
__ 10 __ 10
S 1S ‘ : I
= 8 3 8 P S
® 6 @ Bf J% ,} ]
= c | Tl |
o) o |
- ¢ o 4 F}’ ¥/ o
o o
2 2 /ﬂﬁ Dot
0 : ; : : : 0 : ' : : :
0 2 4 6 8 10 12 0 2 4 6 8 10 12
new bin size [um] new bin size [um]
(a) Correction for large particles (b) comparison of the two datasets

Figure 4.8: Calibration of the LS by intercomparison with the CC. (a) New channel boundaries
obtained from the data from EDML1083-06. The grey line with circles gives the bin sizes obtained
by the measurement. The black line with squares gives the bin sizes obtained by extrapolating
the linearity. Error bars give 1 o for the 144 samples (see text). The bin sizes were shifted as
indicated by the red arrows. (b) New channel boundaries obtained from the data from EDML1083-
06 (circles), EDML746-06 (squares). For the data analysis the mean value was taken. Error bars
give 1 o for the 144 and 192 samples (see text).

get worse for bigger particles, where Mie scattering does not occur. Taking the
assumption the linearity of the calibration is still valid for particles with diameter
for EDML1083-06 and > 5 pm for EDML746-06 the size bins were aligned with the
linear fit, as it is indicated in Figure 4.8(a) with red arrows. However, the deviation
from linearity appears above 5 umand 8 um , respectively, well above the size size
of Antarctic dust. The fraction of particles larger than 8 pum do not exceed 0.26 %
of the total counts for the EDML1083-06 samples and the fraction of particles larger
than 5 pm do not exceed 2.5 % of the total counts for the EDML746-06 samples. For
most samples the fraction is much lower. Therefore, the influence of this correction
in this calibration is negligible for Antarctic ice samples.

The calibration was conducted separately for the EDML1083-06, EDML746-06
samples and for both samples together, but reveal the same calibration within the
1-o error bars (Figure 4.8(b)). The difference between the calibration lines obtained
from the two data sets increases with particle size up to 0.6 um at a diameter of 10
um . In the size range of the particles in Antarctic ice (< 3.7 um) the difference is
smaller than 0.1 um . Figure 4.7 shows an example for a size distribution measured
by CC and the respective size distribution measured by LS and evaluated with the
calibration line obtained by the CC-LS intercalibration.

Figure 4.9 shows the comparison of the total mass concentration (4.9(a)), the total
particle concentration (4.9(b)) and the mode (4.9(c)) of the log-normal distribution
obtained by LS and CC after the calibration of the LS as described above. For the
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Figure 4.9: Comparison of the LS and CC measurements after the calibration. The dashed line
is the bisecting line as a guide to the eye. Clearly observable is the deflection in the number
concentration caused by coincidences in the LS in higher concentrated samples.

mass concentration the two methods agree well (R = 0.93, slope = 1.04). For the
particle concentration the calibration does not work for high concentration above a
certain threshold. In this study a threshold of 350000 part - mL~! was identified
as an upper limit for the validity of the calibration (R = 0.92, slope = 1.3). The
non-linearity of the calibration for higher concentrations is attributed to a higher
occurrence of coincidences in the LS, since the samples were diluted for the CC
measurements. For the mode, the calibration does not give a convincing relationship
between the two methods (R = 0.41), although no systematic difference in the mode
is found for LS and CC measurements after careful calibration. Irregular shape of
the particles, the fitting error and the coincidences in the LS, as mentioned for
the number concentration, are supposed to be the main reason for this mismatch.
Previous studies have already shown that different measurement techniques yield

different results depending on the shape of the particles ([Hayakawa et al., 1995b],
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4 Dust Measurements in Ice Cores

[Hayakawa et al., 1995¢|, [Hayakawa et al., 1995a]). To achieve also a calibration
for the mode i further more complex investigations have to be performed. In the
following, only the mode p determined from the CC measurements is taken into

account, due to the more reliable measuring principle.

34



5 Dust Concentration and Size in the EPICA-DML
Ice Core

5.1 Sampling Sites

The measurements were conducted on sections from the EPICA-DML ice core. The
drilling was performed at Kohnen Station located in DML (see Figure 5.1) from
2000 to 2006. The EPICA-DML ice core lies adjacent to the Atlantic sector on the
Antarctic plateau with a recent accumulation rate of 64 kg - m™2- year—! ([Oerter
et al., 2000])). Details about the location are given in Table 5.1. The second core
drilled within EPICA is located at Dome C in the Indian sector on the Antarc-
tic plateau with an accumulation rate of only one third of EPICA-DML (recent
accumulation rate 25 kg - m™2- year~! ([EPICA Community Members, 2004])).

5.2 Core Sections

For this study, two depth intervals of the EPICA-DML ice core were analyzed. From
each depth interval, the section indicated in Figure 4.2 with "CFA” and parts from
the section indicated with ”Discontinuous samples” were available for analysis. On
the former the regular CFA-analysis ([Rothlisberger et al., 2000]) was performed,
including major ions (e.g. Ca®>", Na™ and NH} ), electrical conductivity, air content
and dust concentration using the LS. The latter was used for measurements of dust
concentration using the LS and the CC, electrical conductivity and air content.
The first section was chosen at the depth of 745-746 m corresponding to an age of
approximately 13200 yr BP ([Ruth et al., 2007b]) in the interval of the Antarctic cold
reversal (ACR, [Blunier et al., 1998]), herein after referred to as EDML746-04 (CFA-

position 75°00’S, 00°04’E
altitude 2892 m a.s.l.

mean annual surface temperature | -44.6°C

mean annual accumulation rate 64 kg - m~2- year ! @
ice thickness 2774.15 m

age at 87% of depth 150 000 a °

Table 5.1: Details of the EPICA-DML drill site. Data are taken from a [Oerter et al., 2004], b
[Ruth et al., 2007D].
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0

Figure 5.1: Overview about different drill sites and stations in Antarctica

cut) and EDML746-06 (Discontinuous samples-cut). The second section was taken
from a depth of 1082-1083 m corresponding to an age of about 25600 yr BP in the
last glacial ([Ruth et al., 2007b]), herein after referred to as EDML1083-04 (CFA-
cut) and EDML1083-06 (Discontinuous samples-cut). The measured parameters
were the same as for EDML746-04 and EDML746-06.

For EDML746-04 and EDML1083-04 the piece indicated with "CFA” in Figure
4.2 and an additional 32x32 mm cut from the part indicated with ”discontinu-
ous samples” was used. The procedure for the measurements of EDML746-06 and
EDMIL1083-06 is described in Chapter 4.3, the procedure for the measurements of
EDML746-04 and EDML1083-04 is described by [Ruth, 2002].

5.3 Seasonal Variability of Glacial Dust

Figure 5.2 shows the dust concentration for the EDML depth of 1082-1083 m. In the
interval 1082.46 - 1082.67 m the depth resolution is 3 mm, hereafter referred to as
high resolution (HR). The rest of the core section was measured in 6 mm resolution.
The dust mass concentration varies between 100 ng - mL~! and 10000 ng - mL~! (300
ng - mL~! and 11000 ng - mL~! for HR) with a mean of 2000 ng - mL~! (2900 ng -
mL~! for HR). In terms of fluxes, this is in agreement with previous measurements at
Dome C (1000 ng - mL~!, [EPICA Community Members, 2004], accumulation rate
1.5 kg - m™2- year™!, [Schwander et al., 2001]) and Vostok (850 ng - mL~! average
LGM, [Delmonte et al., 2002b], accumulation rate 1.2 kg - m~—2- year™!, [Parrenin
et al., 2001]). The biggest variations are in the HR part (1082.4 m - 1082.7 m). That
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Figure 5.2: Dust in the EDML1083 ice core section. Insoluble mass concentration measured by
Coulter Counter (top, solid black line), nssCa?* (dotted blue) and Na® (dashed green) concentra-
tion measured by CFA (center, data kindly provided by P. Kaufmann, University of Bern), mode
u of the log-normal distribution, fitted to the mass distribution (bottom, grey line).

this deviation is not only caused by the higher sampling resolution, but mainly due
to the actual higher variations becomes apparent in the nssCa?* profile, which also
has the highest variability in this depth interval, but was measured in constant
resolution over the whole meter. The dust signal varies in phase with nssCa?*,
which in turn is in phase with Nat. Recent aerosol measurements from the drilling
station in DML record a maximum in the Na® concentration during winter ([Weller
and Wagenbach, 2007]). Therefore, the maximum in the dust concentration can be
related to a winter signal, under the assumption the timing of the maxima of Na™
and nssCa?* did not change simultaneously. The mode p varies between a minimum
of 1.4 pym and a maximum of 2.7 um. In the HR part, where the resolution suffices
to resolve seasonal cycles, a minimum of 1.5 ym and a maximum of 2.0 um is found.
The typical seasonal amplitude in the HR part of p is 0.2 - 0.3 gm. The maxima
and the minima in the profile of i coincide with the maxima and minima of the
concentration profile (Figure 5.3). In analogy, the season of the arrival of larger
particles is winter. The values of p obtained for DML are roughly in the same range
as previous measurements of 4 in glacial ice at Dome C (1.91 + 0.02 pm, [Delmonte

et al., 2002b]). The error of p is controlled by the count-statistical error of each
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Figure 5.3: Dust mode p in the Glacial in different resolution: 3 mm resolution (black solid line)
and 3 cm resolution (grey dashed line).

size bin v/N (with the number of counts N) and the interval chosen for fitting. The
influence of the counting statistics was determined by a Monte Carlo technique as
follows: 1000 size spectra were calculated, where the counts in each size bin were
varied, that the mean of the 1000 values for this size bin equaled the measured value
N and the 1 ¢ interval the count-statistical error /N for this size bin. This was
done for all size bins yielding 1000 size spectra. The mode obtained by performing
a log-normal fit on all those spectra varied within 1 ¢ of less than 0.02 pym for the
glacial samples. The influence of the interval chosen for fitting was determined by
changing the fitting interval. The range for reasonable values for p by changing the

range of the fitting interval was 0.05 ym and thus the dominant error.

To investigate the influence of the seasonality the mode of 3 mm resolution sam-
pling intervals (u3) is shown in comparison with the mode fitted on 30 mm resolution
sampling intervals (usp) (Figure 5.3). To obtain pgp ten consecutive samples were
summed up and afterwards the log-normal function was fitted on the mass distribu-

tion. The mean value for sy emerges as 1.88 + 0.15 um .

Interestingly, us¢ is always higher than the mean of u3 in the respective interval.
This observation can be explained by combining two findings. First, maxima and
minima in mass and mode are in phase and second, mass concentration changes
within one year between maxima and minima on average by a factor of about 7.6.
By measuring samples covering several years, the obtained mode is dominated by
events of high mass input and represents in glacial time the size distribution during

winter.
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Figure 5.4: Seasonal changes in transport efficiency for glacial dust depending on the mode of the
initial dust at the source.

5.4 Dust Transport to DML in the Last Glacial

In the following chapter the observed changes in dust concentration and size are
used to quantify the contribution of changes inferred by transport and the source.
Invented by [Ruth, 2002] and improved by [Fischer et al., 2007b] a one dimensional
model to describe the dust transport to Greenland ice cores is used to quantify the
changes in transport time and efficiency to DML (see also chapter 2.5). It yields a

relation between dust size and effective transport time (equation 2.4).

I I IT2 071
:uair /J“air :U’air 3
lo =lo 1-— —
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=) (51
lOg 110 Hair

In high resolution the ratio between maxima and minima in the mode varies in
the Glacial between 0.75 and 0.9 with a mean of 0.85 + 0.06. Equation 5.1 with
the mode of the initial dust at the source of 2.5 um ([Schulz et al., 1998]) yields an
effective transport time ratio between 0.4 and 0.7. Figure 5.4(a) illustrates the effect
of a variation in pg. A larger o than the assumed 2.5 pm would not have a large
effect on ttI—II, whereas a smaller ;1o would have a larger effect. Equation 2.4 describes
only the changes of the mode in the atmosphere. Instead, the values used here are
measured in ice. In DML, where aerosol is deposited by wet and dry processes, the

enrichment in larger particles due to dry deposition onto the snow has to be taken
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5 Dust Concentration and Size in the EPICA-DML Ice Core

into account. The relation between dust size distribution in air V.. (logd) and in ice
Viee(logd) is described by [Fischer et al., 2007b] with

Viee(logd) = Vi (t, logd)[kd* + £ A] (5.2)

Therewith the relation 2.4 changes to

I 112 111 2
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The mode corrected according to Equation 5.3 varies between 1.4 and 1.7, with
changes in the ratio “‘“’” between 0.66 and 0.94 Wlth a mean of 0.83. For this

H.’LT‘

calculation the glacial accumulation A = 30 kg - m™2- year! ([Ruth et al., 2007a])
was assumed to be constant throughout the year and k = 83 um ~'s~! and ¢ = 10°
was used as by [Ruth et al., 2003]. Figure 5.4(b) shows the effective transport time
changes using this relation, depending on the initial mode at the source pgir0. The
curves for the uncorrected data (Figure 5.4(a)) are more bent, indicating a larger
consequence of a change in the initial mode on the calculated effective transport time.
The variation in accumulation corrected ratios £ é}r is larger than in the uncorrected

air

ratios, but the mean effective transport time change is 0.6 and does not alter after
correcting for deposition processes. However, the variation becomes larger (ﬁ =
0.3 - 0.85). In the following ;= teald — () 6 will be used for the effective transport time
change ratio.

Now we can estimate the influence of changes in transport and source on the dust
concentration in the ice core.

If we apply equation 2.1

t

Cair (t) = Ca'ir (0)67;

for a warm stage corresponding to summer and a cold stage corresponding to

winter conditions, they are related to each other as follows:

Cair(twarm) . Cair<o)warm e_m_;,_w
Cair (tcold) Cair (0)cold
Assuming the atmospheric transport time 7 as constant throughout the year and

(5.4)

Cazr cold)

azr(twarm)

using - Jeold 0.6 and ~ 7.6, which is the mean value of the ratio be-
tween the maximum and minimum concentrations in the HR-part of EDML1083,

the relations emerges as
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about the atmospheric residence time of dust in the last Glacial. Measurements

=76. (5.5)

To calculate tw% has to be estimated. There are only few studies
of modern global atmospheric residence time of dust do not exist ([Zender et al.,
2003]). Model estimates for modern atmospheric residence time vary between 2.7
days ([Mahowald et al., 2006]) and 7.1 days [Ginoux et al., 2001] with most of the
estimates between 4 and 5.5 days ([Luo et al., 2003], [Miller et al., 2006], [Zender
et al., 2003], [Tegen and Fung, 1994]). However, glacial residence times are longer.
The increase varies from very slight increases of 5 % ([Lunt and Valdes, 2002]) to
higher values of 30 % ([Werner et al., 2002]). This leads to glacial residence times of
4.2 - 7.1 days based on a modern residence time of 4 - 5.5 days. For the transport time
no direct measurements in the Glacial are available. Backward trajectory studies for
modern times yield transport times from Patagonia to DML of 5 - 10 days except
events accompanied by very high snow fall, which are shorter ([Reijmer and van den
Broeke, 2001]). Even if similar data is not available for glacial climate, it might
serve as a rough estimate for transport times during the Glacial. Taking 5 days as
a lower limit for the summer transport time (implying a winter transport time of 3
days) this would lead to a source ratio % between 4.6 (for 7 =4 days) and 5.3
(for 7 =5.5 days). This estimation means, that maximal 60 - 70 % of the subannual
dust concentration changes can be explained by the source. Assuming 10 days as an
upper limit for the summer transport time (implying a winter transport time of 6
days) would lead to a source ratio % between 2.8 (for 7 =4 days) and 3.7 (for
7 =5.5 days). Under this conditions 37 - 49 % of the subannual dust concentration
changes can be explained by the source. This conclusion implies depending on
transport time estimations, 30 - 63 % of the seasonal dust concentration changes
must be explained by transport changes.

On the other extreme, to explain 100 % of the subannual dust concentration
changes by transport only, implies values for t,4-,» between 20 days (for 7 =4 days)
and 28 days (for 7 =5.5 days) and for t.,q between 12 days (for 7 =4 days) and 17
days (for 7 =5.5 days). This is up to a factor of 3 higher, than the estimates by
[Reijmer et al., 2002]. Further, LGM backward trajectory studies have to be run
using high resolution atmospheric transport models to validate this reasoning.

Seasonal changes in dust sources are observed by satellite imagery for recent times
([Prospero et al., 2002]) and are very likely to occur during the Glacial as well caused
by changing wind speed, vegetation cover, soil moisture or changes in the areas,

which supply the source with erodible material.
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Figure 5.5: Dust in the EDML746 ice core section. Insoluble mass concentration measured by
Coulter Counter (top, solid black line), nssCa?* (dotted blue) and Na* (dashed green) concentra-
tion measured by CFA (center, data kindly provided by P. Kaufmann, University of Bern), mode
of the log-normal distribution, fitted to the mass distribution (bottom, black line). Values are
missing in the mode where the log-normal fit could not be applied due to insufficient counting
statistics.

Summing up the study, the dust concentration changes by a factor of 7.6 and the
particle mode typically changes by 0.2 - 0.3 wm within a year during the last Glacial.
Using a one dimensional model, the effective transport time was found to be lower
in winter by a factor of 0.6 than in summer. The contribution of the source was
deduced to be between 37 % and 70 % leaving a contribution of the transport of 30
- 63 %, respectively. This means, that the dust concentration changes in DML on
subannual time scales can be explained by transport and source more or less with

the same contribution.

5.5 Seasonal Variability of Dust in the Antarctic Cold Reversal

The second depth interval analyzed in this work (EDML746) lies in the ACR. Figure
5.5 shows the dust concentration in terms of insoluble particles and nssCa?*, the
Na™ concentration and the size distribution expressed with the mode measured in
the EDML746 core section. The dust mass concentration varies between 10 ng-m.L ™!

and 500 ng - mL~' with a mean of 75 & 75 ng - mL~!. This is higher than previous
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Figure 5.6: Dust in the EDML746 ice core section. Top: Mass concentration, bottom: size distri-
bution expressed by Mean mass diameter (MMD) grey dashed line and mode in black solid line.
The vertical lines indicate coinciding maxima or minima in mass and mode (red solid lines) and
in mass and MMD (blue dashed lines).

measurements in other Antarctic ice cores (EPICA Dome C 25 ng - mL~', KMS 25
ng-mL~' Dome B 46 ng-mL~! ([Delmonte et al., 2004b])). Even in terms of fluxes
the highest values are found in DML (EPICA-DML: 12.5 ng - em™2yr~!, EPICA
Dome C: 8.3 ng - cm2yr—!, KMS: 8.3 ng - cm 2yr~!, DOME B: 9 ng - cm2yr—1).
This difference can be explained by the closer proximity of DML to the dust source
(see Chapter 6 and [Delmonte et al., 2004a]). The profile of the insoluble particles
closely follows the nssCa?"-profile. Unlike in Glacial times the Na™ and nssCa?*"-
profile are not well correlated. Therefore it is hard to determine the timing of the

dust maximum.

The particle mode does not follow the mass as closely as in glacial ice. It varies
between 1.4 ymand 2.4 um, but shows two cluster around 1.75 pymand 2.05 um .
The maxima of the mode usually are in line with dust concentration maxima. The
variance of the mode induced by changing the fitting range is the same as for glacial
samples (£ 0.05 pum ). The count-statistical error, obtained as described in Section
5.3 is up to 0.1 ymand therewith the controlling error for the lower concentrated
samples from the ACR. In any case, values for the mode have to be considered very

carefully, since the limited counting statistics did not allow reliable determination of
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5 Dust Concentration and Size in the EPICA-DML Ice Core

the mode for all samples. To get a continuous record also in the mode, a log-normal
fit was performed on averages of 10 consecutive samples as explained in Section 5.3.
Seasonal resolution could not be obtained by this average but a reliable mean value
for the mode could be calculated as 1.96 + 0.13 pwm . This value is only slightly
higher than the dust size at Dome C ice core (1.94 um £ 0.17 pm ([Delmonte et al.,
2002b])). A higher value in DML than at Dome C is expected due to the closer
proximity to the source in South America. One possible explanation for the small
difference could be different transport routes from the source to DML and Dome C.
Here again, one has to keep in mind that the values both in DML and at Dome C
are governed by the high dust mass concentration events.

Additionally to the mode, the mean mass diameter (MMD) was calculated. It
shows a reasonable correlation with the mode: R=0.74, slope 1.03 for ACR and
R=0.93, slope 1.26 for glacial dust. The difference in R is probably due to better
statistics in glacial ice, the difference in the slope indicates a higher skewness of
the glacial distributions towards larger sizes. The advantage of the MMD is the
possibility to calculate it even for low-concentration samples, where the low counting
statistics does not allow a determination of the mode. In order to investigate if the
seasonal cycle is as pronounced as in glacial ice, Figure 5.6 shows mass, MMD and
mode. The correlation between the logarithmic mass and the mode is weak (R=0.3).
The calculated correlation between MMD and mass is only slightly higher (R=0.33).
However, even if the correlation is low, many of the maxima and minima of the mass
and mode (MMD) coincide as indicated with red (blue dashed) lines in Figure 5.6.

5.6 Dust Transport to DML during the Antarctic Cold Reversal

The above described coincidences between mode i and mass point to a relationship
between mass concentration and size, that allows to apply the linear transport model
described in Section 5.4 also in the ACR. Since consecutive clear seasonal cycles
could not be obtained in the ACR, selected slices of the mass concentration and
size profile are used instead. Those parts of the profile, where an uninterrupted
transition from a higher to a lower mass concentration coincides with a transition
from larger to smaller values for the mode and vice versa, are used in the following
to estimate changes in the effective transport time during the year. 16 of those
slices were identified. The mean value for the respective larger mode is 2.07 +
0.16 pm , for the respective smaller mode 1.74 + 0.15 pum , the difference between
maximum and minimum is generally 0.2 - 0.35 pm with three outliers of 0.6 um .
The corresponding maxima and minima in the mass concentrations are 260 £ 160

ng-mL~ and 74 4 45 ng-mL~!. For each pair of large and small mode the change
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5.6 Dust Transport to DML during the Antarctic Cold Reversal

in the effective transport time ttI—II can be calculated using Equation 5.1

I
i log“air 12
R (1 _ Mo :uaiv"
I ul. I
t log=u= Hair

The mean effective transport time ratio between summer and winter deduced from
the above mentioned 16 events is 0.4 £ 0.15. Here like for the calculation of the
Glacial a g of 2.5 um was assumed ([Schulz et al., 1998]). 13 of these 16 events
give very similar effective transport time ratios of 0.46 4 0.07, the other 3 are lower
with 0.12 (twice) and 0.16.

Now the changes in the dust concentration in the EPICA-DML ice core can be
divided in changes caused by the source and changes caused by transport for the
ACR as well (Equation 5.4).

Cair<twarm) . Cair(o)warm ) 6_%—%%

Cair(tcold) B Cair(o)cold

As in the Glacial, 7 is assumed to be constant throughout the year. With ttcﬂ R~

warm

0.4 and % ~ 3.5 the relation emerges as

Clir(teoa) Cair(0) cold L6 tmerm g (5.6)

Cair(twarm)  Cair(0)warm

As discussed in Section 5.4 model predictions for 7 vary from 4 to 5.5 days. Modern
transport times based on back trajectory calculations are 5-10 days ([Reijmer et al.,
2002]). These values will be used for the ACR as well. During summer the transport
time is 2.5 times longer than during winter. Assuming 10 days of summer transport
time the second term in Equation 5.6 describing changes in transport varies between
~ 3 (for 7 = 5.5 days) and 4.5 (for 7 = 4 days). This means, depending on the
assumed transport time and atmospheric residence time 7, between 70 and 100 % of
the dust variation in DML can be explained by transport changes during the ACR.
The remaining less than 30 % are attributed to the source. Assuming a transport
time less than 10 days for summer, the contribution of the source rises. A longer
transport time would lower the contribution of the source.

Modern back trajectory calculations indicate a shorter transport time from South
America to DML during autumn (March - April - May) and spring (September -
October - November) than during summer (December - January - February). Winter
(June - July - August) trajectories are similar to those in spring and autumn, but
have a slightly more northern origin ([Reijmer et al., 2002]). This is explained by
the authors by a weaker cyclonic activity during summer. This is in line with the
results of the present work for the ACR.
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5 Dust Concentration and Size in the EPICA-DML Ice Core

Glacial ACR
mean mass concentration [ng - mL™!] 2000 70
factor of mean subannual mass variation 7.6 3.5
size (mode [um]) 14-27 14-24

mean size (determined in samples covering

1.88 £0.15 | 1.96 £ 0.13
several years [um])

typical subannual mode shift [pm)] 0.2-0.3 0.2-0.35
contribution source [%] 37-170 < 30
fact.or of mean subannual mass variation ex- 98_53 3 45
plained by transport

contribution transport [%)] 63 - 30 70 - 100

Table 5.2: Variation of dust parameter during glacial times and during the ACR on subannual
time scales.

Summing up this section, the dust concentration during the ACR changes by a
factor of ~ 3.5 with some larger excursions. The mode p could not be determined
for all samples, especially those with low dust concentration, due to insufficient
counting statistics. For all other samples the mode generally varies between maxima
and minima by 0.2 - 0.35 pm . Using a simple transport model the transport time
was found to be lower by a factor of 0.4 in winter than in summer. 70 - 100 % of
the dust concentration changes in the ACR could be explained by transport, the

remaining less than 30 % are attributed to changes in the source.

5.7 Comparison of Glacial and Antarctic Cold Reversal

After investigating in detail two depth intervals from the EPICA-DML ice core, the
variability of dust size and concentration on Glacial-Interglacial timescales will be
discussed in the following section.

The main characteristics of dust concentration and size during the ACR and the
Glacial are summarized in Table 5.2. The mean mass concentration is higher during
the Glacial than during the ACR by a factor of ~ 28. The respective nssCa?"
concentration ratio is ~ 25 ([Fischer et al., 2007a]). A higher ratio of insoluble dust
particle between Glacials and Interglacials compared to the nssCa?* ratio is already
observed by [Ruth et al., 2007a]. One possible explanation for this discrepancy could
be a change in the mineralogical composition of the dust in the EPICA-DML ice
core during the transition from the Glacial to the Holocene. This could be caused
by a change in the source of the dust reaching DML. Another possibility to explain
the higher ratio of insoluble dust compared to nssCa?* could be a different recovery
efficiency for nssCa?" in glacial ice and ice from the ACR.

The seasonal dust concentration changes are more than a factor of 2 higher during
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5.7 Comparison of Glacial and Antarctic Cold Reversal

the Glacial than during the ACR. During the ACR almost the entire dust concen-
tration changes of 3.5 can be explained by transport (Section 5.6). The variability
inferred by the transport are in the same range during the Glacial as during the ACR.
However, to explain the observed seasonal dust concentration changes an additional
contribution from the source is required during the Glacial. The contribution from
the source has to be approximately as large as the contribution explained by trans-
port. The mean values for p during Glacial and ACR are in agreement within the
1-0 interval, with a slightly higher value for the ACR. The typical shift of y during
the year is approximately the same during the Glacial and the ACR.

Accepting the values given in Table 5.2 for the mean size determined in samples
covering several years at face values for the dust size during the Glacial at the
ACR, the change in effective transport time can be estimated. Again, the simple
conceptual transport model described in Section 2.5 is used for the calculation,

yielding the relations

Glacial

HACR log= - Glacial?
IR ( o Hair ) i Hair
tGlacial lo MaGilracwl ACR2
g 1o air
and
Coir(tacr)  Cair(0)acr ~ —tACE | ‘Glacial

€é TACR T7Glacial

Cuir(tctaciat) — Cair(0)tacia

Note, the atmospheric residence time 7 does not have to be constant. Model
simulations yield a longer residence time 7 of up to 30 % in the Holocene than in
the Glacial ([Lunt and Valdes, 2002], [Werner et al., 2002]). However, assuming in
a first (unrealistic) step T = Tacr = Talacia cOnstant between Glacial and ACR |,

_tACR | tGlacial
with pacr = 1.96 um, paiacia = 1.88 pum, the transport term e 7acr’ TGiacial is

calculated < 1. This indicates a possibly intensification of the transport during
the Glacial-Interglacial transition. By assuming in a second more realistic step a
longer atmospheric dust residence time during the Glacial than during the ACR,
the factor given by the transport term would decrease even more indicating an even
stronger intensification of the transport from the Glacial to the ACR. There are
previous publications supporting this findings. A pollen and diatom record obtained
out of a sediment core in southern South America (51°58" S, 70°23" W) reveals
relatively calm winds during the late Glacial and an increase of the wind speed after
15440 yr BP ([Wille et al., 2007]).[Toggweiler and Russell, 2008] argues, that lower
atmospheric CO, concentrations during LGM cause smaller temperature gradients
in the middle of the atmosphere between low and high latitudes. This temperature

gradient drives the westerly winds, which therefore would have increased during the
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5 Dust Concentration and Size in the EPICA-DML Ice Core

Glacial-Holocene transition. If transport would be indeed less effective during the
Glacial than during the ACR, more than the observed dust concentration difference
between Glacial and ACR has to be explained entirely by the source, implying a
large increase of the source intensity. A record of three lake sediment cores from Lago
Cardiel (49° S, 71° W) shows a significant increase in the lake level coinciding with
the low dust concentration between 11600 and 11500 yr BP in Antarctic ice cores
([Gilli, 2003]). The authors explain the lake level increase with a strong positive
hydrological balance at that time and an accompanying higher washout of dust
from the atmosphere in the source region resulting in a lower dust concentration in

Antarctica.

A combination of changes in glacial outwash, aridity and wind speed in the source
are suggested to be mainly responsible for the required weakening of the source
during the transition from Glacial to the Holocene ([Fischer et al., 2007a]). The shelf
exposed adjacent to Argentina in the Atlantic is ruled out as a major contribution
to the glacial dust source by [Wolff et al., 2006].

Based on nssCa?"-fluxes in the EPICA-DML and EPICA-Dome C ice cores [Fis-
cher et al., 2007a] found, that the observed changes in dust fluxes between Holocene
and Glacial of 1-2 orders of magnitude predominantly reflect changes in source
strength. The results of the presented work suggest actually an extend of the findings
by [Fischer et al., 2007a], that the source intensification could have been stronger
than the Glacial-Interglacial dust concentration changes in the EPICA-DML ice
core. There, one has to keep in mind, that in this study Glacial-ACR. changes are

presented and [Fischer et al., 2007a] addresses Glacial-Holocene changes.

Admittedly, the values obtained for p are mean values for one meter during each
time interval representing only one data point each in the Glacial and the ACR. The
seasonal as well as the interannual variability of x4 is much larger than the difference
between the obtained ACR-Glacial difference. To confirm the obtained findings on

more depth intervals dust size measurements have to be performed.

[Delmonte et al., 2004b] explains observed changes of dust size during the transi-
tion from the last Glacial in the Indian sector of Antarctica with different pathways
for different size classes. A gradual change of the eccentricity of the polar vortex
is proposed to govern the transport of particles of different sizes onto the Antarc-
tic plateau. Larger particles are transported over the lower troposphere, whereas
smaller particles are transported in higher altitude and dominated by the subsidence
of air masses over the east Antarctic ice sheet. This hypothesis was derived based
on measurements in ice cores in the Indian sector of Antarctica and may therefore
not be valid for DML. These regional distinctions indicate, that the different drill
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5.7 Comparison of Glacial and Antarctic Cold Reversal

sites of the EPICA-DML and the EPICA-Dome C ice cores, even if they are both
located on the East Antarctic plateau, appear to be influenced by different changes

during the Glacial-Interglacial transition.
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6 Sources of Dust in Dronning Maud Land

The sources of dust in the EPICA-DML ice core are identified by a new approach
using REE. In a first step the REE fingerprints are determined in samples from the
PSAs. Afterwards the REE fingerprints in the EPICA-DML ice core sample are
determined and compared to the REE fingerprints in the PSA samples.

6.1 Measurements of Rare Earth Elements

Due to the large differences in REE concentration and different matrices in the PSA
and ice core samples two different procedures were applied to the two sets of samples.
Figure 6.1 gives an overview of the two processing procedures. Processing and
measurement of the PSA samples was performed at AWI and is described in Section
6.1.1. The EPICA-DML samples were processed and measured at the University of
Venice. A detailed description is given in Section 6.1.2. An intercomparison study
proving the consistency of both systems will be submitted soon ([Dick, et al. in

preparation]).

6.1.1 Samples from the Potential Source Areas

The samples collected from the PSAs span a wide size spectrum differing from
sample to sample. For the analysis only the < 5 um fraction was used. This
corresponds to the typical size of the particles found in Antarctic ice cores (see
Chapter 5, [Delmonte et al., 2002a], [Delmonte et al., 2004a]). The bulk of the
sample (a few grams) was poured into 45-50 mL of ultra pure water. After 10
minutes of ultra sonication the sample was left to separate by settling due to Stokes
law. The supernatant was taken with a pipette and checked with the CC to achieve
a fraction of 95 % of the total number of particles in a size range < 5 pum. This
aliquot may also include the soluble fraction of REE dissolved from coarser particles
with a size > 5 um. Due to the low solubility of the REE ([Humphris, 1983]),
this contribution can be neglected. The size separation was performed within a
cooperation with the University of Milan, Italy. Most of the samples were kindly
provided by Barbara Delmonte. For detailed information about the samples see
[Delmonte, 2003] and [Delmonte et al., 2004a)].
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6.1 Measurements of Rare FEarth Elements

Samples
PSA-samples:
full acid digestion
ice core samples:
HNO3 acidification
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Figure 6.1: Schematic overview of the two processing and measurement setups used in this work.
PSA samples are treated with a full acid digestion and measured using the ICP-QP-MS at AWI.
Ice core samples are acidified with 1 % HNOj3 and measured at the University of Venice (UVe)
using the ICP-SF-MS.

The aliquots containing the dust fraction < 5 um are treated with a full acid
digestion. The samples added with HNOj3 (twofold distilled, 65 %, p.A., Merck),
HF (distilled, 40 %, suprapur, Merck) and HyOy (suprapur, Fa. SCP Science) are
pressurized using polytetrafluoroethylen (PTFE) beakers to completely solubilize
the sample matrix. The full digestion protocol is given in Appendix A.

At AWTI all lab ware used to contain the samples, standards and used to prepare
the solutions are cleaned following the procedure given in Appendix B.1. The diges-
tion and the measurement of the samples are performed under a clean bench (US
Class 100) in the clean room facilities at AWI, classified as US Class 10000, but
presently U.S. Class 100-1000 is achieved. To each sample 10 pug-L™! Rh are added
to provide an internal standard to correct for instrumental drift during the measure-
ments. Possible interferences of the Rh standard from ArCu, RbO and Pb?** were
not found to be significant. In any case through an interference on the Rh signal
all REE concentration would be subjected to the same error, that vanishes, when

considering relative changes among REE. Only the absolute concentration, which is
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6 Sources of Dust in Dronning Maud Land

ICP-QP-MS | ICP-SF-MS
ICP-MS
RF Power [W] 1350 1250
Plasma gas [L-min~'] 15 15.5
Auxiliary gas [L-min™'] 0.8 1.8
Nebulizer gas [L-min™!] 0.62 0.8-1.1
Nebulizer (with desolvatisation) | MCN 6000 Aridus I
Sweep gas [L-min™!] 2.35 3.4-4.15
Nitrogen [L-min~'] 12 15
T (spray chamber) [°C] 110 95
T (desolvating unit) [°C] 160 175
sample uptake [p-min~] 100 100
Data aquisition
Isotopes analyzed ~ 40 19
Replicates 3 40
Integration time [s] 0.1
Sweeps 20
Measuring time per sample [min] 7
Oxids [%)] 0.03
Double charged Tons [%] 5.7

Table 6.1: Settings of the two ICP-MS used for ice core samples and PSA samples.

not discussed in this work, would be effected. Therefore, interferences on Rh do not

affect the result of this work, anyways.

Blanks were prepared using ultra pure water, treated by the same procedure as
the samples and measured regularly during data collection. The median of the blank
values is subtracted from the sample concentration. The blank samples contain less
than 0.5 % of the mean concentration in the samples and less than 10 % of the
concentration in the lowest concentrated sample. The blanks for the REE are given
in Appendix B.2. Calibration standards were prepared from a 10 pg - L= multi-
element stock solution (Multielement Calibration Standard 2 and 3, Perkin-Elmer).
The measurements were performed with a ICP-QP-MS ELAN 6000 built by Perkin
Elmer/Sciex 1997 coupled with a micro concentric nebulizer and a desolvation unit
MCN-6000 built by Cetac. The MCN-6000 is equipped with a heated membrane to
separate the aerosol and the solvent. Thus the oxygen of the water available for oxid
formation is minimized yielding an oxid formation rate for the REE of about 0.02

%. The uptake rate of sample is 100 pL - min~?.

The mean sensitivity obtained
during the measurements is 490000 £ 200000 counts per second for a 10 ug - L}
Rh solution. Instrumental conditions and measurement settings are summarized in

Table 6.1.
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6.1 Measurements of Rare FEarth Elements

‘ - La Ce Pr Nd Sm Eu
detection limit [ppt] | 0.303 | 0.523 | 0.087 | 0.296 | 0.055 | 0.075
melt head blank [ppt] | 0.353 | 0.639 | 0.085 | 0.267 | 0.077 | 0.026
acid blank [ppt] 0.5509 | 0.9769 | 0.0837 | 0.2625 | 0.0653 | 0.0159

Gd Th Dy Ho Er Tm Yb Lu
0.044 | 0.018 | 0.039 | 0.019 | 0.029 | 0.022 | 0.034 | 0.023
0.075 | 0.019 | 0.044 | 0.009 | 0.024 | 0.006 0.02 0.01
0.0281 | 0.0041 | 0.0221 | 0.0046 | 0.0133 | 0.0032 | 0.0127 | 0.0024

Table 6.2: Detection limits and procedural blanks of the REE measurements in ice core samples.
Calculations are described in the text.

6.1.2 Ice Core Samples

The ice core samples were taken from the innermost part of the core assigned to the
CFA-analysis (see Figure 4.2 in Chapter 4). They were decontaminated using the
melt head (Figure 4.1). Thus only the inner uncontaminated ice was used for the
analysis. For the first time the sample decontamination using the melt head was
performed for REE measurements. One line from the melt head filled 15 mL PS
vials, that were also used for ion chromatography analysis (IC) providing continuous
1 m averages (Figure 4.1). These samples were immediately frozen after filling,
once melted to take an aliquot for the IC and refrozen immediately afterwards. In
a previous study, using a chiseling method, the ice core was decontaminated by
removing ice in different layers from the outside to the inside. It was proved in that
study, that the inner part of the ice core is not contaminated in REE by the drilling
fluid ([Gabrielli et al., 2006]).

At least 24 h before the REE measurements, the samples were melted, filled
into polypropylene vials (Greiner Bio-One), acidified with 100 uL HNOj3 (twofold
distilled, p.a. 65 %, Fa. Merck) per 10 mL sample and afterwards kept frozen until
the measurement. All sample handling was performed under class 100 clean room
conditions. The cleaning scheme of the vials is given in Appendix B.1.

The measurements of the REE in the ice core samples were performed at the
University of Venice, Italy, with an ICP-SFMS (Element2, Thermo Finnigan MAT,
Bremen) coupled with a microflow /desolvation sample introduction system (Aridus,
Cetac Technology). The Aridus consists of a microflow PFA nebulizer, a heated
PFA spray chamber and a heated microporous PTFE tabular membrane. Interfer-
ences induced by oxides were highly reduced by this setup. The measurements were
performed in low resolution mode with a nominal mass resolution of AWm ~ 400. The

sample uptake by the system was 100 L - min~!. The maximum sensitivity in low
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6 Sources of Dust in Dronning Maud Land

resolution mode (LRM) was 3 - 10° counts - s™ for a 1 pg - L' Indium solution.
The instrument stability was checked every seventh sample with a 1 pg - L™! Indium
solution. Additionally '?*Xe and *'Xe was measured. Xe is included as an impurity
in the used Argon and Nitrogen. If needed, the measurements are corrected for in-
strumental drift using the '?°Xe signal. The use of an internal standard like for the
samples from the PSA was not possible due to the much lower REE concentration
in the ice core samples associated with a much higher risk of contamination by the

internal standard.

The blanks of the acid and the vials were determined with a series of blank
samples with decreasing acidity (Figure B.1). The blanks of the CFA-melt head
were determined with artificial ice bars cut out of artificial ice cores made of ultra
pure water. These artificial ice bars were handled in the same way as the samples.
Blanks were determined as the median of 10 samples. Both blank level values and
detection limits are given in Table 6.2. The melt head blank is in the same range
as the acid blank. The detection limit was calculated as three times the standard

deviation of 10 replicates of 1 % HNOj5 in ultra pure water.

For La, Ce, Pr, Nd, Sm, Gd, and Dy measured in the EPICA-DML ice core
samples from Holocene lie three to ten times above the detection limit and 10-200
times for glacial samples. For Tb, Ho, Er, and Yb the concentrations lie in the range
of the detection limit for Holocene samples and 5-200 times above the detection limit
for glacial samples. For Eu, Tm and Lu the concentrations lie below the detection
limit for most of the Holocene samples and about ten times above the detection
limit for glacial samples. The total blank (melt head blank) was subtracted from

the concentration measured in the sample.

For the measurements the following isotopes, which are most abundant and less
affected by interferences, are chosen: *La, 49Ce, 141 Pr, 44Nd, "' Eu, *2Sm, "Gd,
138Gd, 100Qd, 59T, 164Dy, 165Ho, 166Ky, 169Tm  172Y]h and ™ Lu. Xe!?? and Xe'3! is
recorded and used as a control for instrumental stability. These isotopes are the same
as used by [Gabrielli et al., 2006], except Gd. Quantifying %°Gd, "Gd, %®Gd and
160Gd yields the same concentration for '*®Gd and ®°Gd and elevated concentration
for *Gd and '®"Gd. These results indicate interferences on the latter isotopes,
whereas the agreement of **Gd and '°Gd supports the absence of interferences on

these isotopes.

o4



6.2 Rare FEarth Element Composition in the Potential Source Areas

Figure 6.2: Locations of the sampling sites in the potential source areas of Antarctic ice core dust.
The exact positions are given in Appendix D.

6.2 Rare Earth Element Composition in the Potential Source
Areas

In this study 33 new samples from PSA with a particle size < 5 um, most of them
kindly provided by Barbara Delmonte, were analyzed for REE. Fourteen originate
from South America, four from New Zealand, eight from ice free areas in Antarctica,
five from Southern Africa and one sample from Australia (Figure 6.2 and Appendix
D). The isotopic ratios of Sr and Nd were already analyzed earlier in these sam-
ples by [Delmonte, 2003]. Detailed information about these samples and previous
measurements is given in [Delmonte, 2003].

The analyzed samples of this study are compared with literature data. Figure 6.3
shows the sample locations in South America and additional sampling sites available
from literature data. Figure 6.4 shows a comparison with data from the literature of
three samples from South America ([Gaiero et al., 2004], [Smith et al., 2003]). The
concentrations are normalized to the upper continental crust (UCC). In order to
eliminate the absolute concentration and to compare only the shape of the pattern,
an additional normalization by dividing by one element is useful. [Tobler et al., 2007]

uses Cer. Cer has the drawback to be subjected to an anomaly, due to the tendency
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6 Sources of Dust in Dronning Maud Land

Figure 6.3: Sampling locations in South America. Samples analyzed in this study are marked with
a red diamond, literature data are indicated with blue crosses ([Gaiero et al., 2003]) and black
asterixes ([Smith et al., 2003]). The three samples taken for comparison between this study and
literature data are marked with a rectangle.

to form the +4 oxidation state. Another possibility is to normalize by deviding
by the mean value of all UCC-normalized concentrations. This normalization was
earlier used by [Marx et al., 2005a] and has the advantage not to give too high
influence to one single element. As an example the normalization of La is given in

Equation 6.1.

La’CO?’LC

(6.1)

L norm —
“ LaUCC : mBCLTL(REEUcc)

with La,.m, the normalized value, La,,. the La concentration in the sample,
Layce the La concentration in the upper continental crust ([Wedepohl, 1995]) and
mean(REEycc) the mean concentrations of all REE in the sample normalized on
the UCC. The additional normalization on the mean value was performed for the
following reason: The samples were fractionated by size using stokes settling in
ultra pure water (see Section 6.1.1). The absolute amount of the dust < 5 um is not
known exactly. To eliminate this uncertainty, the normalization was applied. Since
for the PSA samples only the pattern and not the absolute value will be discussed,
this procedure does not change any of this works results.

Three samples of the 33 were compared with three datasets from literature, which
are not from exactly the same location, however in close proximity. The location

of the samples is indicated by the three rectangles in Figure 6.3. In general, the
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Figure 6.4: Comparison of the measurements with data from the literature: The locations indicated
with an rectangle in Figure 6.3 are taken for comparison. Literature data (red) are taken from
[Smith et al., 2003]. Data of this study are marked in blue. The concentration is normalized on
the UCC ([Wedepohl, 1995]) and divided by each samples mean value according to Equation 6.1.

agreement in the pattern of the samples ARBAR and ARGOR with literature data
is good (Figure 6.4). For the sample ARGOR Ce is elevated and in Lu there is a
depletion for the sample measured in this study compared with literature data. For
the sample ARBAR Lu is also lower in this study. For the third position consid-
ered for comparison (ARLOZ), the agreement in the pattern is not as good as in
the other two cases. The enhancement in the MREE is higher than in the samples
from literature data. One explanation of this difference might be the fact, that the
samples are not from exactly the same locations. Maybe even more importantly,
the concentrations in the literature are measured on the bulk sample, which has a
bimodal size distribution with one maximum around 8 pm and another one around
80 - 100 pwm ([Smith et al., 2003]), whereas the concentrations in this study are mea-
sured on the < 5 um - fraction. These results indicate, that for a direct comparison
with the ice core samples the separation of particles smaller than 5 um is crucial

and a comparison with literature values measured on the bulk could be misleading.
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Figure 6.5: REE pattern for different continents. The concentration is normalized on the UCC
([Wedepohl, 1995])) and divided by each samples mean value according to Equation 6.1.

Figure 6.5 shows the REE pattern for different continents (concentrations are
normalized according to Equation 6.1).

Some characteristics of the REE pattern in the PSA can already be seen in these
graphs: The samples from Antarctica generally show a decrease from LREE to
HREE (£22E = 1.7) and a variable enhancement of the Eu-concentration. The
samples from southern Africa have also higher concentrations of LREE compared to

HREE ( éﬁ% = 1.4), but much more pronounced is the elevated concentrations in

the MREE. The highest Eu anomaly are found in the samples from New Zealand,

LREE
HREE

= 0.6). Most of the samples are from South America. They all show a slightly

in combination with an elevated HREE concentration compared to LREE (

increased concentration of MREE and a small enrichment of HREE compared to

LREE (£2£E = 0.9).

To get a more quantitative view about these differences and to test wether these

differences are sufficient to provide separation of different PSAs Figure 6.6 shows

LREE

FERE calculated as

the Eu-anomaly EE—“u versus the ratio
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Figure 6.6: Comparison of %‘z VS. ﬁgﬁg of the different source regions. New Zealand (cyan

stars), Antarctica (red diamonds), Australia (blue triangles), South America (green rectangles),
southern Africa (black circles). Calculation of % and éﬁ%ﬁ: see text. The REE concentration
are normalized on the UCC ([Wedepohl, 1995].

Eu VSmyce - Gdyce
Eu EUUCC

(6.2)
and

LREE  Laycc + Ceycc + Prycc + Ndyce

HREFE n ETUCC + TmUcc + YbUCC’ + LuUCC

with RE Eycc the respective element concentration normalized on the concentra-

tion in the UCC ([Wedepohl, 1995]). The features already identified in Figure 6.5

are also clearly apparent in Figure 6.6. Australia can be separated from Antarctica

LREE
HREE"

and the Antarctic field is small as well as the South African and the Australian

(6.3)

by different values for

Furthermore the overlap between the New Zealand

field. The South American field, which was identified as the main source for dust in
the EPICA-Dome C and Vostok ice core based on Sr/Nd isotopes ([Delmonte et al.,
2002a]), overlaps with all other fields. Whether the areas are sufficiently separated
to identify sources of dust in Antarctic ice cores will be discussed in Section 6.3.
In any case, this approach does not use the full REE fingerprint. In particular the
Eu-anomaly %—"5 depends only on the three elements Sm, Fu and Gd. Even if the
major variability is expected in Eu and in the ratios between LREE, MREE and
HREE, using the full REE fingerprint could deliver additional information.
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Figure 6.7: The principal components PC1 to PC4 of the PCA performed on the REE pattern of
the samples from the PSA. PC1 to PC3 explain 88 %of the total variance.

To use the complete REE spectrum a principal component analysis (PCA) was
performed. The REE span a 14-dimensional space, where each REE spans one
dimension. The REE fingerprint of each sample represents a vector in this 14-
dimensional space with the base (coordinate system) of the REE concentrations
(C'Sgpe). With the principal components (PCs) a new coordinate system with a new
base was established. The PSA samples were transformed from the old coordinate
system C'Srpr to the new coordinate system spanned by the principal components
(CSpc).

In order not to overweight one continent within the PCA analysis, the number
of samples incorporated in the PCA should be equal and five samples were taken
from each continent. Therefore, the samples from the continents with more than
five samples (South America and Antarctica) were averaged into five groups, where
samples with similar REE pattern were grouped. For continents with less than five
samples available (New Zealand and Australia), literature data were used to fill the

missing positions in the PCA.
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Figure 6.8: Eigenvalue spectrum of the PCA of the PSA. PC1 to PC3 explain 88 % of the total

variance.

The PCA generated the eigenfunction matrix F and the principal components
PC1 to PC14 (PC1 - PC4 are shown in Figure 6.7). The detailed mathematic

description is given in Appendix E.

The main features of the REE fingerprint as seen in Figure 6.5 are apparent.
PC1 explains the differences between LREE, MREE and HREE. By this principal
component 53 % of the variance is explained. PC2 shows the enrichment in MREE
and explains 24 % of the variance. PC3 shows a very strong peak in Eu and explains
11 % of the variance. PC2 and PC3 show also little variance in Ce. All together
PC1 to PC3 explain 88 % of the total variance. PC4 to PC14 do not show a signal
that obeys any obvious geochemical explanation and account all together only for
12 % of the total variance (Figure 6.8). Therefore, PC4 to PC14 are assigned as

noise and will not be considered further in this study.

One difficulty arises in the determination of the error bars of the PCs. To get
a measure for the dependency of the choice of the samples taken for the PCA, the
PCA was repeated 50 times in the following way: The PCA was performed with 5
samples taken randomly out of the 14 samples of South America. From the other
continents the samples were taken as described before. This was repeated 50 times.
The 50 different PC1 to PC3 obtained in this way are shown in Figure 6.9. In some
cases PC2 and/or PC3 changed their sign (i.e. the direction of the eigenvalue). In
these cases the PC3 is shown in red. Despite this effect the first three PCs do not
show any significant differences, indicating that the selection of the South American
samples for the PCA does not affect the results. In the further work the PC1 to
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Figure 6.9: The first 3 principal components of the PCA performed on the REE pattern of the
samples from the potential source areas. The PCA was repeated 50 times with 5 randomly chosen
samples out of the South America samples each time. In some cases the sign of PC2 and/or PC 3
was reversed (see text). These cases are shown in red.

PC3 shown in Figure 6.7 are used.
In a next step all the other samples, which were not taken into account for the

PCA, were transformed into the new coordinate system C'Sp¢ according to Equation
6.4

Bpc = Brep - F (6.4)

with Bpc the coordinates in CSpe, Brer the coordinates in C'Sgrpg and the
eigenfunction matrix F (see also Appendix E). Literature data were also included:
77 from South America ([Gaiero et al., 2004]), eleven from New Zealand and five
from Australia ([Marx et al., 2005a]). Since they cover a larger size spectrum than
the Antarctic ice core dust, the data from literature have to be interpretated with

caution. In the PCA-analysis only samples with the full REE-pattern could be
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Figure 6.10: Principal component analysis of the REE concentration in the potential source area
samples. New Zealand (cyan stars), Antarctica (red diamonds), Australia (blue triangles), South
America (green rectangles), southern Africa (black circles). Samples used for the PCA are marked
with filled symbols, samples that are transformed using Equation 6.4 are marked with open symbols.

included. Samples with one or more element missing could not be taken into account.

Figure 6.10 shows the first three principal components of the PSA samples plotted
against each other. The separation of the different continents is not perfect. They
do have a considerable overlap. PC2 vs. PC1 separates the Antarctic source totally
from the Australian source and relatively well from the other sources. The samples
from Australia form the narrowest cluster, which falls in all three cases in the New
Zealandic field. Large areas in the in all three plots show an overlap and further
analysis will show, if the ice core samples display a sufficiently distinct pattern to

be placed in a distinct area in the C'Spc.

6.3 Rare Earth Element Composition in the EPICA-DML Ice
Core

For the first time a quasi continuous REE profile is measured on an ice core in a

depth interval covering the transition from the last Glacial to the Holocene. Around
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Figure 6.11: Mean REE pattern from different depth intervals from the EPICA-DML ice core.
Mean values of the concentrations are normalized according to Equation 6.1. The errorbars give
the standard deviation from the mean value. Data from the depth intervals 808 - 810 m, 1042 -
1043 m and 942 - 945 m are excluded (see text).

350 samples of the EPICA-DML ice core are analyzed for REE and several other
TE (for details see Appendix C). They are taken from a depth interval ranging
from 1100 m to 500 m covering the time span of the transition from the last Glacial
to the Holocene (26500 - 7700 yr BP ([Ruth et al., 2007b])). In Appendix C all
REE fingerprints are plotted. Generally the patterns in samples lower than ca. 825
m are very uniform. In this depth interval in almost all samples the full spectrum
could be evaluated. Above 825 m the patterns become more variable and in several
samples the less abundant elements could not be evaluated, in particular in the
depth interval between 625 m and 725 m where the dust concentration is very low
(Figure 6.14). Variations in the relative concentration and deviations from the flat
pattern occur especially for Ce and Eu, consistent with the geochemical behaviour

of the REE (Section 3). In some samples La and Tm show an enhancement.

Figure 6.11(a) shows the averaged REE spectrum of the depth interval from 493
to 825 m, that corresponds to the Holocene and the ACR. The error bars give the
standard deviation from the mean value. Since for different elements the number of
samples with a concentration below the detection limit is different, the number of
samples for each elements mean value is also different. Least values were available
for the less abundant REE (Eu, Th, Ho, Tm, Yb, Lu). Aside from Lu, all mean
values are within the standart deviation equal one and neither LREE nor HREE
are clearly enriched. A decreasing trend from Dy to Lu is observable. Eu shows the

largest scatter due to the highly variable enhancement or depletion in Eu.

The samples from lower than 825 m are characterized by a very uniform REE

pattern. Figure 6.11(b) shows the mean REE spectrum of the depth interval from
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Figure 6.12: REE concentration in sample EDML809 (circles) and chondrites ([Palme, 2004]) (left).
The REE concentration in this sample is dominated by the ash layer at a depth between 808.2 m
and 808.3 m shown in the photograph (right).

825 to 1100 m, that corresponds to the last Glacial and the transition from the last
Glacial to the Holocene. This pattern shows an enhancement in MREE compared
to LREE and HREE, HREE are slightly enriched compared to LREE. In MREE
and HREE occurs a decreasing trend from Gd to Lu. A small negative Eu-anomaly
and a slightly depleted Nd concentration interrupts the in other respects smooth
pattern.

These first findings suggest, that the dust supply to DML was more uniform
during the Glacial than during the Holocene. The variable REE pattern during the
Holocene points to a contribution of different sources to the EPICA-DML ice core
dust. In contrast the uniform Glacial patterns indicate a permanently active single
source or a constant mixing of more than one source.

Note, there are some samples, that differ from the others (see Figures 6.12 and
6.13) and these will be discussed separately:

The first eye-catching sample is found at a depth of 808 - 809 m (Figure 6.12, left).
The concentration in HREE is strongly increased LREE are strongly depleted. For
comparison, the chondritic REE concentration is shown. Between 808.2 m and 808.3
m is the best visible ash layer, in the whole EPICA-DML core caused by a volcanic
eruption (Figure 6.12, right). The REE concentration is strongly dominated by this
ash layer. During the volcanic eruption, the ejected ash originates not from the earth
upper crust, but from lower crust or from the upper mantle, which has a chemical
composition more similar to the chondritic composition than to the upper crust.
Also in the sample from 809 - 810 m the HREE concentration is increased (not
shown). The sample EDML810 was processed after EDML809 during the CFA,
where also the REE sample filling took place. This enrichment is caused by the
contamination of the CFA-system by the prominent ash layer in sample EDML809.
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Figure 6.13: Samples, that are deviating from the common REE fingerprint during the glacial:
Sample EDML1043 shows an strong enrichment in La and Ce (a). The reason for these enrichments
is unclear. Sample EDML942 and 944 show an enrichment in LREE (b). For comparison the REE
fingerprints of the Antarctic PSA samples are plotted in grey.

Despite intense rinsing of the system the strong REE pattern was carried over in
the samples EDMLS810.

The next noticeable sample is from a depth of 1042 - 1043 m (Figure 6.13(a)).
This sample shows extremely high values in La and Ce. To exclude an artefact
emerging during the measurement, the samples was remeasured, but showed the
same result. The other chemical species obtained from CFA and IC in this sample
do not show any conspicuities, that would point to any anomaly. Since LREE are
of all REE the most sensitive for contamination, it might also be a possibility, that
this sample was contaminated during filling or during the sample treatment.

There are two other samples in the time interval of the last glacial showing a
noticeable enrichment in LREE. These are from depth 942 - 943 m and 944 - 945
m. The sample from 943 - 944 m was not measured. Therefore it is not clear,
if the pattern is persistent over 3 meters of ice or if it arises from two different
events. The fingerprint of these samples bears resemblance to the fingerprint of
the Antarctic PSA samples (Figure 6.13(b)) indicating that the dust in these two
samples originates from ice free areas on the Antarctic continent. An enrichment in
LREE like in these samples occurs frequently in Holocene samples from the EPICA
Dome C ice core (pers. comm. Paolo Gabrielli), pointing to an Antarctic source for
those samples as well. In contrast to the EPICA Dome C Holocene samples, where
the Antarctic source seems to last for a longer time period, it would be restricted to
the two (or one, if it is persistent over 3 m of ice core) events in the EPICA-DML

ice core during the Glacial.

For the further analysis of dust provenance the above mentioned samples will not
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Figure 6.14: Dust (blue line) and La (green line) concentration in the EPICA-DML core in a depth
interval from 493 to 1104 m. The continuous dust profile gives the number concentration measured
using the LS (unpublished data, Urs Ruth, Patrik Kaufmann). The La is concentration measured
in 1 m bag mean samples. This profile consists of 370 samples taken out of 600.

be taken into account.

In Figure 6.14 the La profile from the EPICA-DML ice core is shown as an example
of the REE in comparison to the dust profile determined with the laser sensor

(personal communication Urs Ruth, Patrik Kaufmann).

REE concentration in ice cores originates from dust in ice cores. The REE con-
centration in seawater is lower than in the crust by 6 orders of magnitude ([Nozaki
et al., 1997]). Therefore marine contributions to the REE concentration in the

samples can be neglected.

The dust concentration during the last Glacial is about two orders of magnitude
higher than during the Holocene. This is consistent with the dust concentration
obtained by CC (Section 5.7) and with other ice cores from Greenland and Antarctica
(e.g. [Fischer et al., 2007a], [Ruth et al., 2003], [EPICA community members, 2006]).
In general the La profile follows closely the dust profile. The La concentration
is about 4 orders of magnitude below the dust number concentration profile, in
accord with the mean La concentration in the UCC. The scatter is higher in the La

concentration, due to the larger error of the measurement.
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6.4 Identification of the DML Dust Provenance

In the following section the REE fingerprints obtained in ice core dust are compared
to those of the PSA samples in order to identify the sources of dust in DML. In a first
step the rations of LREE, MREE and HREE and the Eu*-anomaly are discussed.
Thereafter, the PCA already presented for the PSA in Section 6.2 is used to refine the
results. In a final step the fingerprints of the South American PSAs are investigated

in more detail.

LREE MREE HREFE
REE 5 REE REFE

. LREE MREE HREE Eu*
dust source for DML. Figure 6.15 shows %=+, S0 and “p= and Z— calculated

according to equation 6.2 and 6.3. The black dots give the values in the ice core

are used to exclude or confirm certain continents as a

and

samples in the given depth. The colored lines give the upper and lower limit of
the different PSA samples (green: South America, black: Southern Africa, red:
Antarctica, blue: Australia, cyan: New Zealand). Ice core dust lying inside the
range spanned by the colored lines could originate from the source indicated by
the respective color. For samples, with one or more elements below the detection
limit, the values were corrected as follows: In the case one element of the HREE
below the detection limit (e.g. Lu), the remaining sum of HREE (Er + Tm +
Yb) would be approximately 3/4 of the sum of all HREE (Er + Tm + Yb + Lu).
Therefore 1/3 of the remaining sum of HREE (Er + Tm + Yb) was added. For two
elements below the detection limit the remaining sum was doubled and for three
elements below the detection limit tripled. For LREE, MREE and the total sum
of all REE the correction was analogue. For samples with all HREE or MREE

missing, no value is given in the respective plot. For the samples with Sm, Fu or

Eu*
Eu

increase from the Glacial to the Holocene. Some of the Holocene values lie above

Gd below the detection limit, no value for is given. The scattering of all values

the uppermost or below the lowermost line. This is attributed to an overcorrection
of elements below the detection limit. Above 825 m corresponding to 15200 yr BP

([Ruth et al., 2007a]) a lot of samples lie outside the ZEEL range spanned by the

South American PSA samples indicating that during the warm period dust cannot

MREE HREE
REE ° REE

a dust provenance during the Holocene.

* .
and %—"u do not allow a conclusion of

be solely from South America.

LREE
ST the

lower limit for the PSAs in Antarctica is 0.24. There is only one single event out of

166 in the ice core dust with Ljfgg larger than 0.24. Therefore, Antarctica can be

excluded as a major source for DML dust. The PSA samples from Southern Africa

In the following the part below 825 m will be discussed. Considering

reach a lower limit of Z2EE — (.21, that is in the range of the ice core dust (0.18 -

REE
0.24). A non negligible amount of sample have a LleEg

value below the lower limit of
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Figure 6.15: ngg, %%%E, }%%EEE and % of the EPICA-DML ice core dust (black dots) and in
the PSA. The colored lines give the upper and lower range of the samples from the respective PSA:
New Zealand - cyan, Antarctica - red, Australia - blue, South America - green, Southern Africa -

black. Calculation of the ratios are given in the text.

the Southern African PSAs, which therefore can not act as the only source for dust

in DML. The interval covered by MEEE ip the Australian samples ranges from 0.44

REE
to 0.46, which is well below the ice core dust (YE2E = 0.46 - 0.52). Also regarding
%%EEE Australia seems very unlikely as source, since most of the ice core dust values

are below the lower limit of Australia. The mean % in the ice core samples is 1.3,
which is in the range of the upper limit of Antarctic dust and just below the upper
limit for New Zealandic dust, excluding Antarctica and New Zealand as the only

sources for the ice core dust.

In summary, analyzing the ratios of LREE, MREE, HREE and the Eu-anomaly,
Antarctica and Australia can be excluded as a source for dust in DML in the time
between 26500 and 15200 yr BP and Southern Africa or New Zealand can be ex-
cluded as the only source. The potential of areas in South America to act as sources
is not confined by these investigations. For the time 15200 to 7500 yr BP no source
is clearly identifiable and the dust input to DML is likely a mixture from different
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Figure 6.16: Dust profile in the EPICA-DML ice core, measured with the CFA laser sensor. The
grey data represents 1 cm mean values, the colored data represents 1 m mean values and are
colored according to the depth intervals I - VI, that are discussed in the text: mid holocene (I),
early Holocene (II), ACR (III), transition (IV), LGM (V), before LGM (VI).

source areas. At least, the dust input to DML cannot originate solely from South
America in contrast to the time between 26500 and 15200 yr BP.

In order to refine these findings, the PCA, already presented for the PSA in
Section 6.2, was applied to the ice core samples.

For the further discussion the profile was divided into six depth intervals, which
will be evaluated separately. In Figure 6.16 these six different depth sections are
marked in different colors and labeled with I to VI.

To identify the provenance of the dust, the REE pattern of the remaining REE pro-
file were transformed into the new coordinate system C'Spc as described in Section
6.2. In Figure 6.17 the first two components of the EPICA-DML ice core samples in
the new coordinate system CSpc are plotted separatly in the six intervals defined
in Figure 6.16.

Section I - III: Holocene and Antarctic Cold Reversal (ACR)

In these three sections, covering the time period of the Holocene and the ACR,
the concentration of the most samples are below the detection limit for at least one
element. Those samples, where the full REE fingerprint could be evaluated scatter
widely in the coordinate system C'Spc. Some of them do not fall in any of the fields

of the PSA, particularly in the Holocene. This is attributed to the large analytical
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uncertainty due to the very low REE concentrations in the Holocene samples.
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Figure 6.17: EPICA-DML ice core samples in the new coordinate system C'Spc: PC2 vs. PCI.
EPICA-DML samples from the LGM are marked with red circles, from Glacial times before the
LGM with black dots. The continents are marked with fields in different colors: New Zealand -
cyan, Antarctica - red, Australia - blue, South America - green, Southern Africa - black.

Section IV: Transition
For section IV, corresponding to the transition from the Glacial to the Holocene,

for more than half of the samples the full REE spectrum could be evaluated. Most
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Figure 6.18: EPICA-DML ice core samples in the new coordinate system CSpc. left: PC3 vs.
PC1. right: PC3 vs. PC2. EPICA-DML ice core samples of the different time intervals are marked
with black dots (section VI), blue dots (section V) and red circles (section IV). The continents
are marked with fields in different colors: New Zealand - cyan, Antarctica - red, Australia - blue,
South America - green, Southern Africa - black.

of the data fall into the area, were Southern Africa and South America overlap,
while just a very few datapoints lie outsite of the South American field.

Section V - VI: Glacial

In the depth interval 900 - 1105 m, corresponding to the last Glacial, all data
points lie within the South American and African field, very few of them also in the
area of New Zealand. For the LGM one sample falls into the Australian area. No
samples lie within the Antarctic area.

By evaluating only PC1 and PC2, the source areas of Southern Africa and South
America cannot be sufficiently separated. For the Glacial and the transition (section
IV to VI), PC3 vs. PC1 and PC3 vs. PC2 are shown in Figure 6.18. These plots
can neither distinguish between South America and Africa.

Summarizing the results obtained from the PCA, Antarctica, Australia and New
Zealand can be excluded as a considerable source region for dust in the EPICA-
DML ice core during the last Glacial and termintation I. Southern Africa and South
America cannot be separated and cover both the area of the ice core dust in th PC2
vs PC1 plot.

Putting together all results from the PCA and LREE, MREE, HREE ratios and
the Eu-anomaly, the following conclusions can be drawn:

Between 26500 and 15200 yr BP the REE fingerprints reveal no changes in the
dust source area. For this time interval Antarctica, Australia and New Zealand can
be excluded as a major source. However, ice free areas in Antarctica may contribute
dust to DML during single events (depth interval 941-944 m). Dust cannot origin

solely from Southern Africa according to this investigations. Isotopic measurements
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6.4 Identification of the DML Dust Provenance

on Sr and Nd exclude Southern Africa as a source of dust in the EPICA-Dome C and
Vostok ice cores (Figure 6.20 taken from [Delmonte et al., 2004a]), suggesting that
for DML Southern Africa might also account for a minor contribution of the dust
input. Therewith the results of this work point to South America as the provanance
of dust in the EPICA-DML ice core.

Between 15200 and 7500 yr BP the source cannot be identified. However, the

LREE
REFE

in this time do not fit into the range spanned by the samples from South America.

source must have changed, since the -ratio of a lot of ice core dust samples
The dust concentration between 15200 and 7500 yr BP is very low with a minimum
around 14000 yr BP (680 m). The PCA requires the full REE spectrum. As this is
not given for a lot of samples from this time interval a larger sample volume would
help to obtain full REE spectra even for samples with very low dust concentrations.
A full REE fingerprint could be evaluated in almost all samples below 825 m, where
the dust concentration is about 20 fold higher than in the minumum at 680 m. Less
than 10 mL of sample were used in this study. An increase in sample volume by a

factor of 20 is expected to deliver full REE spectra even for Holocene samples.

Recapitulatory, the REE fingerprint in combination with a PCA is a promising
tool for the evaluation of REE fingerprints. The amount of samples from the PSA
has to be increased to allow a more representative picture, especially for the Southern
Africa region. The ice core samples volume has to be increased for the Holocene
samples. A necessary volume of 200 mL would be still far below the volume used

for isotopic measurements of Sr and Nd.

In a last stage the samples from South America are investigated in more detail to
refine a South American source between 26500 and 15200 yr BP.

A closer look on the South American samples reveals three differing fingerprints

(Figure 6.19). The samples from the Argentinian Pampas at the northern edge of

LREE
MREE

= 0.4), a light enrichment in HREE (£222 = 0.7) and a very small positive Eu-

anomaly (%—“u = 1.07). The second group of samples include samples from the central

Patagonia (shown in blue) are characterized by an enrichment of MREE (

and southern part of Patagonia (shown in red). They are characterized by a variable

positive Eu-anomaly varying between E,Eiu =1 and % = 2, a stronger enrichment
in MREE (£22L = 0.3) and again a slight enrichment in HREE (£522 = 0.75).

The third group of samples is from Tierra del Fuego from the southermost tip of
the South America continent (shown in yellow). They show an increasing slope

from LREE to HREE ({25 = 0.4, LREE/HREE = 0.5) and a small negative

Eu-anomaly (22 = 0.9). One sampling site at Bahia Blanca (white dot) has a very

similar fingerprint to the samples from Tierra del Fuego.
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Figure 6.19: Comparison of REE fingerprints from the South American PSA samples and the
EPICA-DML ice core samples. REE fingerprints of the PSA samples are shown in different colors:
Pampas region blue, central and southern Patagonia red, Southermost tip and Bahia Blanca region
(yellow, white). The light blue fingerprint in the plot representing Tierra del Fuego is obtained
in the Bahia Blanca sample. The REE fingerprints from the EPICA-DML ice core representing a

time between 26500 and 15200 yr BP are shown in grey for comparison.

For comparison the REE fingerprints of the EPICA-DML ice core dust in a depth
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Figure 6.20: 87Sr/%0Sr versus ey4(0). Comparison between ice core dust data from Vostok and
EPICA-Dome C and the signature of the < 5 um fraction of PSA samples (taken from [Delmonte
et al., 2004a]).

from 825 to 1100 m are shown. The REE fingerprint of the ice core dust is very
similar to the fingerprint of the samples from the Pampas suggesting that this region
might have acted as a source for Glacial dust for DML. Isotopic measurements on
Sr and Nd reveal the same region as the source for the dust at Dome C and Vostok
during Glacials (Figure 6.20, [Delmonte et al., 2004a]). However, this region is not
considered as a present day dust source ([Prospero et al., 2002]). Therefore, the
distribution of dust sources in South America must have been changed since the last
Glacial.

There are several parameters that may form a strong dust source: Firstly, a large
amount of material available to be outblown, secondly, strong winds and thirdly,
arid climatic conditions. During the last Glacial the Andean glaciers were much
further advanced than today ([Mercer, 1976]), delivering much more clay size ma-
terial. Dryer conditions were observed in Patagonia between 18000 and 14000 yr
BP followed by a moderate increase in precipitation ([Markgraf et al., 2007]). A
significant increase in windspeed could be explained by a more northward position
of the westerly wind belt. At present times the westerly wind belt in the southern
hemisphere is located between 45° and 55° S. The Pampas region is located at a
latitude of 35° S. The results of this work would imply a significant northward shift.
A shift of the Southern Westerlies have been discussed controversial (e.g. [Lamy
et al., 1999], [Heusser, 1990], [Hemming et al., 2007], [Kim et al., 2002], [Wardle,
2003], [Wyrwoll et al., 2000]). The estimates of a possible shift range between up
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to 10° northward and a few degree southward. To meet the Pampas region with
the westerly wind belt a northward shift of at least 10° would be required, which
is questionable. The amount of samples available from central and southern Patag-
onia is low. A more detailed sampling in this region is essential to scrutinize this
explanation.

As deduced from size distribution measurements the dust concentration changes
between the last Glacial and the ACR in the EPICA-DML ice cores cannot be
explained by transport (Section 5.4 and 5.6), requiring a source change of a factor of
about 28. It is likely that a combination of increased glacial outwash, higher aridity
and an increase of the wind speed in the source area account for this changes. A
more detailed sampling in Patagonia and the Pampas is needed, to investigate, if a

position of the westerly wind belt reaching 35°S can be confirmed.
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The presented work investigates mineral dust in the EPICA-DML ice core. Dust con-
centration and size changes were analyzed in seasonal resolution during the Glacial
and the ACR. The dust provenance was identified for the time between 26500 and
15200 yr BP.

Dust concentrations were found larger during the Glacial than during the ACR
by a factor of 28. On seasonal timescale the dust concentration during the Glacial
varies on average by a factor of 7.6, during the ACR by a factor of 3.5. The mean
dust size spectrum reaching DML during the ACR has a modal value of u = 1.96
+ 0.13 pmand is only slightly, but not significantly larger compared to the mean
size spectrum reaching DML in Glacial times (¢ = 1.88 +0.15 pm ). The seasonal
variability in the size is significantly larger. Typical seasonal changes of y are 0.2 -
0.3 um during the Glacial and 0.2 - 0.35 gum during the ACR.

A conceptual model ([Ruth et al., 2003], [Fischer et al., 2007b]) using the changes
in dust size to calculate changes in the effective transport time is applied to the
different time slices. According to this model, the mean effective transport time
does not significantly change between the Glacial and the ACR. In contrary on a
seasonal scale, changes in the effective transport time by a factor of 0.6 during the
Glacial and 0.4 during the ACR are observed.

By knowing the variation in effective transport time, a quantification of transport
and source contributions to the dust concentration changes in the ice core can be
calculated. According to this simple model, the observed dust concentration changes
from the Glacial to the ACR cannot be explained by transport and must therefore
be explained by changes in the source. In contrast on a seasonal scale, during the
ACR between 70 % and 100 % of the seasonal dust variations can be explained by
transport, implying a rather constant source strength throughout the year during
that time. During the Glacial the dust concentration changes arising from trans-
port changes are in the same range, but explain only 30 - 63 % of the higher dust
concentration variations found in the EPICA-DML ice core. Thus, an additional
contribution from the source is necessary to explain the remaining 37 - 70 %.

These results are based on size distribution measurements in two core section of
1 m each. To confirm these findings, equal investigations have to be performed in

other depth intervals. During Interglacials with low dust concentrations a larger
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7 Conclusions and Outlook

sample volume is needed to obtain better statistics and a continuous profile of the
mode p. In order not to loose the 3 mm resolution, a larger cross section than 32 - 32
mm from the CFA-cut (Figure 4.2) is needed. Additionally, the same investigations
have to be performed on ice cores from different drill sites.

The use of REE is a promising tool to identify dust provenances. In the EPICA-
DML ice core in a depth interval from 493 to 1105 m REE concentrations are
measured using [CP-SF-MS. Less than 10 mL sample volume was used. For samples
with low dust concentrations not the full REE spectrum could be obtained, as
especially the less abundant elements are below the detection limit.

To identify the dust provenance by use of the REE, 33 samples from the PSA are
analyzed and compared to the ice core samples. Considering the relative enrichment
and depletion of LREE, MREE and HREE Antarctica and Australia could be ex-
cluded as a source before 15200 yr BP. If Southern Africa acts as a source, it cannot
be the only one. By applying a PCA, New Zealand could be excluded as a major
source. The results suggest South America as the major dust source before 15200
yr BP, whereas after 15200 yr BP a mixture of different sources seems more likely.
At least one other source region is needed besides South America to explain the
observed fingerprints. A direct comparison of the REE fingerprints indicates that
the Glacial dust source for DML before 15200 yr BP is located in the Argentinean
Pampas, which could be explained by a significant northward shift of the southern
westerly wind belt during the last Glacial. Indeed, this implication is rather pre-
liminary, since the number of samples from the PSAs used in the presented study
is very limited. More samples are needed to get a clearer picture, especially from
southern Africa and from South America. To investigate the source areas during
warm stages a larger volume of ice core samples of up to 200 g is needed. Therewith
a reduction in samples volume for provenance analysis using REE instead of isotopic
measurements of Sr and Nd by a factor of ~10 would be reached. REE fingerprints
have shown their potential to serve as a tool for provenance analysis of dust in ice

cores.
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A Preparation of the Samples from the Potential
Source Areas

The samples from the potential source areas were digested according to the scheme
given in the following Table.

sample volume 2 or 5 mL
addition of 10 mL HNO3, 5 mL HF, 5 mL HyO,
digestion according to the following procedure

step duration [h] temperature [°C] comment

0 20

1 1 100 heat

2 12 100 hold

3 end let cool to room temperature

close beakers tightly

0 20

1 1 100 heat

2 5 100 hold

3 1 120 heat

4 2 120 hold

5 1 140 heat

6 2 140 hold

7 1 160 heat

8 2 160 hold

9 1 180 heat

10 2 180 hold

11 1 210 heat

12 5 210 hold

13 1.5 170 cool

14 1 160 cool

15 1.5 140 cool

16 1 140 hold

17 1 120 cool

18 1 100 cool

19 end let cool to room temperature
add 10 mL ultra pure water to reduce Al and CaF

0 20

1 1 100 heat

2 4 100 hold

3 end let cool to room temperature
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82

subboiling to 5 - 10 mL to reduce the acid

step duration [h] temperature [°C| comment

0 20 lower heating plate

1 2 160 heat

2 1.5 160 hold

3 end let cool to room temperature
0 20 upper heating plate

1 1.33 110 heat

2 4 110 hold

3 end let cool to room temperature

transfer sample to 25 mL vial, filling up to 25 mL with 2 % HNO;

Table A.1: Full acid digestion of the PSA samples.



B ICPMS Additional Information

B.1 Cleaning of lab ware at AWI

1 week

industrial cleaning agent (3 % Mucasol, 97 % ultra pure water
rinsing with ultra pure water

1 week

HCl-bath (25 % HCI, 75 % ultra pure water)
rinsing with ultra pure water

1 week

HNOs-bath (25 % HNOs, 75 % ultra pure water)
rinsing with ultra pure water

1 week

HNOs-bath (10 % HNO3, 90 % ultra pure water)
rinsing with ultra pure water

drying under clean bench class 100
sealing twice into PE-bags for storage

Table B.1: Cleaning procedure for the samples vials used for the ICP-MS analysis

Used reagents:

e ultra pure water: production by coupling a reverse osmosis system with a
Purelab ultra system (Elga, High Wycombe, U.K.) (at AWI), production by
coupling a Milli-Q (Millipore, Bedford, MA) water system with a Purelab
Ultra system (Elga, High Wycombe, U.K.) (at University of Venice)

e industrial cleaning agent: MUCASOL, Fa. Merck

e HCI: HCI suprapur, Fa. Merck

e HNO3: HNO;3 p.a. 65 %, Fa. Merck
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B ICPMS Additional Information

B.2 Blank levels

element La | Ce | Pr | Nd | Sm | Eu | Gd
blank level [ng/L] | 1.61 | 2.27 | 1.48 | 3.44 | 0.95 | 0.56 | 0.74
element Tb | Dy | Ho | Er | Tm | Yb | Lu
blank level [ng/L] | 0.10 | 0.56 | 0.15 | 0.11 | 0.01 | 0.36 | 0.12

Table B.2: Procedural blanks of the samples from the potential source areas performed with the
ICP-QP-MS determined by the median of 10 replicates
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L \ —-20%||
0.035 : ~ _50%
_. 0.03F I 1
- \
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Figure B.1: Blank levels of the polypropylene sample vials used for the REE analysis in the EDML
ice core samples. The different lines indicate different dilutions of HNOg in ultra pure water.
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C EDML-samples analyzed on Rare Earth Elements

In the following REE fingerprints are plotted. Normalization was done according to
Equation 6.1. The absolute value on the y-axis indicates the depth of the sample in
the ice core. For example, the sample EDML800 from a depth of 800 m is plotted
on the y-axis at 800. The relative deviation of the individual REE concentrations
(e.g. La concentration, Ce concentration) from the mean value of 800 gives the
fingerprint. Thereafter the measured concentrations are listed in [ng-L~!].
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C EDML-samples analyzed on Rare Farth Elements
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D Samples from the Potential Source Areas

sample name continent geographical coordinates remarks
Al Antarctica 77°43 S, 161°23’ E -
A2 Antarctica 77°31 S, 169°24° E -
A3 Antarctica 77°17 S, 193°15 E -
A4 Antarctica 77°17 S, 163°15° E -
A5 Antarctica 77°30° S, 165°0" E -
A6 Antarctica 77°30° S, 165°0° E -
A7 Antarctica 77°37 S, 163°11" E -
A8 Antarctica 77°38" S, 162°51” E -
A9 Antarctica 77°28’ S, 161°42’ E -
A10 Antarctica 77°50” S, 164°30° E -
NZ22 New Zealand 44°38’ S, 168°59’ K -
NZ12 New Zealand 45°24° S, 167°42’ K -
NZ31 New Zealand - -
NZ32 New Zealand - -
NZ143 New Zealand 43°28 S, 172°31" E -
Nal Southern Africa 24°29° S, 15°48" K -
Na2 Southern Africa 24°42’ S, 15°17" K -
Na3 Southern Africa 23°7’ S, 14°30° E -
Na4 Southern Africa 24°42° S, 15°17 E -
Southafrican southern Africa 33.5°7 S, 22°0° W -
Aerosol

Table D.1: Samples from the PSA of Antarctic ice core dust analyzed in this study. Continued on

next page.
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E Mathematics of the PCA

The PCA is performed on the REE without the element Pm, since Pm does not

106

have any stable isotope and could therefore not be measured.

Center the matrix used for the PCA X — X0, = X — mean(X)

Compute the covariance matrix S — S = X! - X,can

ean
Compute eigenvector matrix F' and eigenvalues L of S.

Sort eigenvectors and eigenvalues in decreasing order of eigenvalues.

Calculate principal components B — B = X - F. B gives the coordinates in
the new coordinate system C'Spc.

Transform the other samples, that were not used for the initial PCA X, in
the new coordinate system CSpo

e Center the data X — Xaucenter = Xan — mean(X)

e Transform the samples into CSpc — Bay = Xajcenter + F



F Derivation of Dust Size Distribution Changes
During Transport

Change of the concentration within one size interval.
Assumptions:
e no interaction between individual size classes

e deposition is caused by wet and dry deposition and proportional to the particle
concentration

d air dat
H$ = —Cqir [Udry + Uwet] (Fl)
dt
Vdry = kdz (F2)
Vet = 8A(t) (FS)

with Equation F.1, Equation F.2 and Equation F.3

Hdcm:i—(td’t) = —Cair[kd® + £ A(t)] | - H| - dt| : car (F.4)
dcgir(d, t) kd? 4+ £ A(t)
_ F.
Cair H at |/ ( 5)
kd*t +¢ [ A(t)dt
ln(cair(d,t)) = - Ii{ ( ) ‘eiCp (F6)

_ kd%ite [ A(p)dt
Cair(d,t) = Cair,0 " € H (F7)

Assuming A(t) constant during en route simplifies [ A(t)d¢ to e At, leading to

 kd2tteAt
Cair(d,t) = Cair,0 " € " (FS)

Change of concentration in a log-normal size distribution with independent
particle channels.
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F' Derivation of Dust Size Distribution Changes During Transport

1 (logd—logpg)?

V(t,logd) = 2 teg?op (F.9)

ap
—e
vV 2mlogoy
Change of the concentration during the transport according to Equation F.7

V(t, logd) = V(¢ = 0, logd)e™ 5= 4t (F.10)

With Equation F.9 and Equation F.10

1 (logd—logpg)®  kd? 1— £ At

V(t,logd) = 2 log?og HoH (F.11)

ag
—e
V2mlogoy
The maximum of this equation (d = p,) is deduced by setting the first derivative
with respect to logd to zero.

dV (t,log(d = tiair))

-0 F.12
dlogd ( )
WV (thlogld = puir)) _ Py -ymagmmep peaen g
dlogd vV 2mlogoy ‘
logd—I t 2 _
[E%a;%?@'_'(2ifkd In10)] =0

While generating the derivative of d with respect to logd the relation
d = 10logd — elogd~ln10

1/ logd—logug\a  # V\gaS used.
In Equation F.13 e 2(Tiogey ) mm(kdHed) 4o always # 0. This means for fulfilling
dvéf;fj 4 — () is obtained with
logd — logpuo t
—————— — (2—kd*In10) = 0. F 14
log?oy ( H n10) ( )
logd — logpug ,t )
—————— = —2Inl10kd"— 1 F 15
log?o " H |- log=og ( )
_ Hair . 9 t 9
logiair — logug = log = —2In10ku.,.— - log oy (F.16)
Ho H

Taking 2 different stages I and I and subtracting Equation F.16 for stage I from
Equation F.16 for stage I
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t! o t1!
log?og + 2In10kull “— - log?oy (F.17)

I 11
logHar _ Hair — _ o1n10k! ° air g

Ho Ho H

Assuming H, g, 0o and k to be constant from stage I and 17

I l 2
log™2iz = —2In10k 09 90 (11 24l 11 24 (F.18)
Using Equation F.16
. pl i 2411
log alr — log alr 1 _ awr _ F.19
i = logl (1= ey (F.19)
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G Dust Concentration Blank Levels

Blank levels during the measurements with the Coulter Counter

sample EDML1083 EDML746
Particle Diameter mean stddev mean stddev
[pm] [part/ml] | [part/ml] | [part/ml] | [part/ml]
<1 354.1 249.6 52.2 48.5
1-2 316.0 224.3 58.4 53.5
2-3 40.3 34.8 9.2 13.4
3-4 9.6 12.1 1.6 4.8
4-5 3.3 8.1 1.1 3.7
5-6 0.8 2.6 0.4 1.9
6-7 0.4 1.9 0.4 1.9
7-8 0.0 0.0 0.2 1.3
8-9 0.3 1.9 0.0 0.0
9-10 0.3 1.9 0.1 0.4
10 - 11 0.0 0.0 0.1 1.0
11-18 0.0 0.0 0.4 1.9
number of blanks 41 55

Table G.1: Blank levels of the Coulter Counter measurements
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Greenland and Antarctica
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Precise knowledge of the phase relationship between climate
changes in the two hemispheres is a key for understanding the
Earth’s climate dynamics. For the last glacial period, ice core stud-
ies"? have revealed strong coupling of the largest millennial-scale
warm events in Antarctica with the longest Dansgaard-Oeschger
events in Greenland®” through the Atlantic meridional over-
turning circulation®®. It has been unclear, however, whether the
shorter Dansgaard—Oeschger events have counterparts in the
shorter and less prominent Antarctic temperature variations,
and whether these events are linked by the same mechanism.
Here we present a glacial climate record derived from an ice core
from Dronning Maud Land, Antarctica, which represents South
Atlantic climate at a resolution comparable with the Greenland ice
core records. After methane synchronization with an ice core from
North Greenland’, the oxygen isotope record from the Dronning
Maud Land ice core shows a one-to-one coupling between all
Antarctic warm events and Greenland Dansgaard-Oeschger
events by the bipolar seesaw®. The amplitude of the Antarctic
warm events is found to be linearly dependent on the duration
of the concurrent stadial in the North, suggesting that they all
result from a similar reduction in the meridional overturning
circulation.

The glacial climate in the North Atlantic region is characterized by
rapid shifts from cold stadial to warmer interstadial conditions®*°.
Greenland temperatures during these Dansgaard—Oeschger (D-O)
events rise by 8-16 °C (refs 10, 11) within a few decades followed by a
less rapid temperature decline back to stadial conditions. In contrast,
glacial climate in the circum-Antarctic region exhibits slower millen-
nial changes with smaller temperature amplitudes of only 1-3°C
(refs 1, 12, 13). After synchronization of Greenland and Antarctic
ice core records"” using the global atmospheric change in CH, con-
centrations, a conspicuous phase relationship between the largest
Antarctic warmings (A1-A7; ref. 1) and the longest D-O events
was observed with the south warming during the stadial conditions
in the north, and starting to cool as soon as the D-O warming set in.
This bipolar seesaw pattern was explained by changes in the heat and
freshwater flux connected to the Atlantic Meridional Overturning
Circulation (MOC), where a stronger MOC leads to increased drain-
age of heat from the Southern Ocean heat reservoir®’.

In principle, an interhemispheric climate coupling by the bipolar
seesaw should also apply for all the short D-O events. However, to
what extent this concept is also able to explain the higher-frequency
climate variability in Antarctic ice cores remained unclear (as dis-
cussed for example, in ref. 14 and references therein). Here we report

‘ Figure 1| Antarctic stable isotope records show
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a 38 — | | | . 3 synchronous millennial variations during the
E E last glacial, whereas rapid variations are
43 = EYEES encountered in Greenland. a, EDML §"0 record
§ 48 = -48 é (purple, 0.5-m resolution; grey, 15-m running
\:E = — -52 mean) after sea level and upstream correction
o = — =330 (see Supplementary Information) over the past
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on the climate record over the last glacial cycle from a new ice core
drilled within the European Project for Ice Coring in Antarctica
(EPICA) in the interior of Dronning Maud Land, hence denoted
EDML, at 75°S, 0°E, 2,892 m.a.s.l. (metres above sea level), with a
recent accumulation rate of 6.4cm water equivalent (w.e.) per
year'®. This site was chosen to complement the long EPICA Dome
C (EDC, 75°S, 123°E, 3,233m.a.sl,, 2.5cm w.e.yrfl) record'?,
because EDML is the first deep ice core in the Atlantic sector of the
Southern Ocean region'® and thus located near the southern end of
the bipolar seesaw. The snow accumulation at EDML is two to three
times higher than at other deep drilling sites on the East Antarctic
plateau, so higher-resolution atmosphere and climate records can be
obtained for the last glacial period, making the EDML core especially
suitable for studying decadal-to-millennial climate variations in
Antarctica.

In Fig. 1 the EDML 8'80 record as proxy for local temperature on
the ice sheet is shown in 0.5-m resolution (equivalent to 15-30yr
during the marine isotope stage MIS3 and 100-150 yr during MIS5)
after correction for upstream and glacial-interglacial ice sheet alti-
tude effects (see Supplementary Information). The overall pattern
closely resembles that recorded in most Antarctic ice cores previously
covering this time period'>'*". Also, very similar dust profiles (Fig. 1)
are encountered at EDML and EDC, related to parallel changes in
climate conditions in the Patagonian dust source region common to
both cores'®. Despite the high correlation of the EDML §'*0 and
the EDC 8D record over the last 150,000 yr (#* = 0.94 for 250-yr
averages) some distinct differences exist. In the penultimate warm
period (MIS5.5) the EDML 8'®0 record indicates temperatures
about 4-5 °C higher than those of the Holocene, in line with other
ice cores from the East Antarctic plateau'>'>". However, 8'%0 at
EDML exhibits persistently higher §'%0 values over the entire dura-
tion of MIS5.5 while other ice cores on the East Antarctic plateau
show a substantial drop after an initial climate optimum'>"’. We note
that this difference is not due to the altitude corrections applied to the
EDML &'%0 record (see Supplementary Information), because a
similar temporal evolution during MIS5.5 is also seen in the uncor-
rected data. Instead, a smaller cooling at EDML in the course of
MIS5.5 compared to EDC and Dome Fuji is consistent with marine
sediment records from the Atlantic sector of the Southern Ocean
revealing persistently warmer summer sea surface temperatures
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and a reduced winter sea ice cover throughout MIS5.5 (ref. 19).
This suggests that there were regional differences in temperature
and sea ice evolution during this period for the Atlantic and Indian
Ocean sector.

The most outstanding feature of the high-resolution EDML record
is the pronounced millennial variability during the glacial. As indi-
cated by the dashed lines in Fig. 1 each of the warming episodes in
Antarctica can be related to a corresponding D-O event, but only
synchronization of the age scales allows us to assign them unambigu-
ously and to pinpoint the phase relationship between climate changes
in Greenland and Antarctica. To do this, the EDML core has been
synchronized (see Supplementary Information) to the layer counted
NGRIP ice core®®' over MIS3, using high-resolution CH, profiles
over the last 55 kyr from the NGRIP, GRIP and GISP2 ice cores"'.
The synchronized §'°O records are shown in Fig. 2. Also plotted is
the CH, synchronized 5'°0 record from the Byrd ice core' and new
high-resolution 3D data from EDC** which closely resemble the
temperature variability found at EDML during MIS3 and support
an Antarctic-wide interpretation of these fluctuations. The higher
glacial snow accumulation at EDML (~3cmw.e. yrfl) compared
to that at EDC, Dome Fuji or Vostok (~1.4cmw.e.yr~ ') implies a
CH, synchronization two to three times better than at those sites.
The synchronization uncertainty for MIS3 ranges from 400 to 800 yr
for all events in the EDML record, making the synchronization error
for EDML always much smaller than the duration of the events
themselves.

This is important, because this allows an unequivocal one-to-one
assignment not only of the well-known large warm events in
Antarctica (A1, A2 and so on) but of each single isotope maximum
indicated in Fig. 2 with a corresponding D-O event in the north.
Although the exact timing of the temperature maxima relative to the
stadial/interstadial transitions cannot be discerned more precisely
than the synchronization error, it is evident that each Antarctic
warming starts significantly before the respective D-O event. In addi-
tion, a synchronization of the stable water isotope records of the
GRIP and EDC ice cores using the '°Be production anomaly around
41,000 yr BP, which constrains the in-phase relationship of the onset
of D-O 10 and the respective Antarctic D maximum to better than
200 yr (ref. 23), supports our CH, match. Accordingly, we suggest a
new Antarctic Isotope Maximum (AIM) nomenclature in Fig. 2

Figure 2 | Methane synchronization of the
EDML and the NGRIP records reveals a one-to-
one assignhment of each Antarctic warming with
a corresponding stadial in Greenland. Displayed
] are 100-yr averages during MIS3 in the EDML,
EDC* and Byrd' ice core for the time interval
10-60 kyr BP in comparison with the NGRIP §'*0
record from Northern Greenland’. All records are
CH, synchronized and given on the new GICC05
age scale for the NGRIP ice core, which has been
derived by counting annual layers down to 41 kyr
and by a flow model for older ages”*'. Yellow bars
indicate the Greenland stadial periods that we
relate to respective Antarctic temperature
increases. The approximate timing of Heinrich
layers in North Atlantic sediments is indicated as
well””. The y axis on the right side indicates
approximate temperature changes at EDML
based on the modern spatial gradient between
5"%0 and temperature.
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Figure 3 | Amplitudes of Antarctic warmings show a linear relationship
(r? = 0.85) with the duration of the accompanying stadial in Greenland
during MIS3. The amplitude was determined from the Antarctic '*0
maximum to the preceding minimum of each event; the stadial duration is
defined by the interval between the midpoint of the stepwise temperature
change at the start and end of a stadial on the extended GICCO5 age scale”*'.
Error bars reflect the estimated uncertainty in the definition of the maxima
and minima in 3'®0 at EDML and in the duration of the concurrent stadial
period. Numbers indicate the corresponding AIMs and D-O events.

which reflects the connection of southern warming to reduced
oceanic heat transport into the North Atlantic during stadials. The
timing and duration of the AIMs relative to D-O events is also
indirectly supported by the comparison of changes in deep-water
masses linked to Antarctic Bottom Water formation and Atlantic
surface water changes, as archived in sediment records offshore of
Portugal™.

Most striking is the varying amplitude of the AIMs, which is lin-
early dependent on the duration of stadials in the north, as shown in
Fig. 3. The only significant deviation from this linear relationship
during MIS3 is AIM4, in which the error in the stadial duration
estimate is quite large. We conclude that the duration of a reduced
MOC—and, hence, the duration of the warming period in the
Southern Ocean—determines the amount of heat accumulated in
the Southern Ocean heat reservoir, strongly supporting the general
applicability of the thermal bipolar seesaw® concept within the range
of stadial events encountered during MIS3. We note that for longer
cessations of the MOC a new equilibrium temperature in the
Southern Ocean would be reached and the warming would even-
tually have to cease. This linear relationship also implies that the
Antarctic warming rate—and thus the heat flux from the Southern
Ocean to the Atlantic—is similar for all warming events during MIS3.
If we assume the same spatial configuration of the overturning cell for
cold intervals in MIS3, this would suggest that the strength of the
MOC is approximately constant for all stadials, challenging the
notion of different overturning rates® for stadials in which massive
iceberg discharges into the North Atlantic (the so-called Heinrich
events in Fig. 2: H1-H5) occurred compared to stadials without
Heinrich events. Note however, that the stadials before D-O 8 and
D-O 12 in which Heinrich events occurred were the longest and the
related Antarctic warmings the largest. This may be due to the longer
time needed to mix away the large freshwater anomalies during
Heinrich events. There is, however, a less clear relationship for other
Heinrich events. Comparison of the millennial climate variability
during MIS3 at EDML and EDC shows no significant difference in
the amplitude of the isotopic change in the Atlantic and Indian Ocean
sectors of the Southern Ocean. This implies a uniform ocean heat
reservoir controlling temperature changes at both sites and reflects
the rapid mixing of the Southern Ocean by the Antarctic
Circumpolar Current.

In the EDML §'%0 record a major warm event (AIM2, connected
to D-0 2) is seen during the Last Glacial Maximum, which cannot be
clearly identified in the EDC core but is present in the Dome F record
(Fig. 1). AIM2 also shows a decrease in high-resolution mineral dust
concentrations at EDC, as do all the other AIMs*®. We therefore
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conclude that AIM2 is a warm event comparable to the other AIMs
in MIS3 but is not sufficiently resolved in the EDC record owing to its
lower accumulation. The corresponding D-O 2 event in the North
Atlantic is preceded by the longest cold period in the NGRIP record
(Fig. 2) and accordingly, a higher temperature amplitude of AIM2 is
to be expected if the same bipolar seesaw concept holds as for D-O
events during MIS3. However, sea level and temperature conditions
were significantly different during the Last Glacial Maximum, poten-
tially affecting the spatial configuration and strength of the overturn-
ing cell in the North Atlantic. The fact that AIM2 is only 2,000 yr long
suggests that the strength of the MOC was not significantly reduced
for the entire cold period in the North, but collapsed only about
1,000 yr before D—O 2, which would be in line with significant iceberg
discharge depositing ice-rafted debris in the North Atlantic during
H2 (ref. 27).

In summary, a strong interhemispheric coupling of all bipolar
climate variations during MIS3 via the MOC is supported by the
new high-resolution §'°O record from EDML indicating that
Antarctic warming rates and potentially also overturning rates have
been similar for all events in MIS3. The question of what triggers the
switch from stadial to interstadial conditions remains. Transitions in
the strength of the MOC and its effect on the Atlantic Southern
Ocean heat exchange are simulated in response to changes in the
North Atlantic freshwater balance”®; however, the origin of such
variations in freshwater input are still not ascertained for all indi-
vidual D-O events. In addition, large iceberg discharge from the
Laurentide ice sheet does not systematically coincide with either
the onset or the end of stadials*”*®. Recently, the potential role of a
change in Southern Ocean sea-ice cover for reinstalling a stronger
MOC has been identified for the onset of the Bolling/Allerod warm-
ing®>*. The intrinsic feedback of a reduced sea-ice cover in the
Southern Ocean during AIMs, followed by a delayed onset of deep-
water formation in the North, could potentially explain the interhe-
mispheric climate coupling seen in our records during MIS3.
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Abstract

Continuous sea salt and mineral dust aerosol records have been studied on the two EPICA (European Project for Ice Coring in
Antarctica) deep ice cores. The joint use of these records from opposite sides of the East Antarctic plateau allows for an estimate of
changes in dust transport and emission intensity as well as for the identification of regional differences in the sea salt aerosol
source. The mineral dust flux records at both sites show a strong coherency over the last 150 kyr related to dust emission changes in
the glacial Patagonian dust source with three times higher dust fluxes in the Atlantic compared to the Indian Ocean sector of the
Southern Ocean (SO). Using a simple conceptual transport model this indicates that transport can explain only 40% of the
atmospheric dust concentration changes in Antarctica, while factor 5-10 changes occurred. Accordingly, the main cause for the
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strong glacial dust flux changes in Antarctica must lie in environmental changes in Patagonia. Dust emissions, hence environmental
conditions in Patagonia, were very similar during the last two glacials and interglacials, respectively, despite 2—4 °C warmer
temperatures recorded in Antarctica during the penultimate interglacial than today. 2—3 times higher sea salt fluxes found in both
ice cores in the glacial compared to the Holocene are difficult to reconcile with a largely unchanged transport intensity and the
distant open ocean source. The substantial glacial enhancements in sea salt aerosol fluxes can be readily explained assuming sea ice
formation as the main sea salt aerosol source with a significantly larger expansion of (summer) sea ice in the Weddell Sea than in
the Indian Ocean sector. During the penultimate interglacial, our sea salt records point to a 50% reduction of winter sea ice
coverage compared to the Holocene both in the Indian and Atlantic Ocean sector of the SO. However, from 20 to 80 ka before
present sea salt fluxes show only very subdued millennial changes despite pronounced temperature fluctuations, likely due to the

large distance of the sea ice salt source to our drill sites.
© 2007 Elsevier B.V. All rights reserved.

Keywords: paleoclimate; ice core; Antarctica; sea salt; mineral dust

1. Introduction

Antarctic glacial/interglacial temperature changes
have been reconstructed over up to eight glacial cycles
using deep ice cores drilled on the Antarctic plateau (Petit
et al., 1999; Watanabe et al., 2003; EPICA community
members, 2004; Brook et al., 2005; EPICA community
members, 2006; Jouzel et al., in press) and on coastal ice
domes (Steig et al., 1998; Morgan et al., 2002). Such
climate records are generally interpreted as being
representative for the whole SO region, which plays a
key role in glacial/interglacial climate changes (Blunier
et al.,, 1997; Knorr and Lohmann, 2003; Stocker and
Johnsen, 2003) and the global carbon cycle (Archer et al.,
2001; Kohler et al., 2005; Toggweiler et al., 2006).
However, while the large-scale glacial/interglacial

180°W

Fig. 1. Map of the Antarctic continent indicating the EPICA drill sites in
Dronning Maud Land (EDML) facing the Atlantic sector of the SO and
at Dome C (EDC) facing the Indian Ocean sector of the SO together
with previously drilled deep ice cores on the Antarctic plateau.

changes are imprinted in all those records (Watanabe
et al., 2003) the influence of different air mass origin
allows us to reconstruct also regional differences in
climate evolution (Morgan et al., 2002). Moreover, while
temperature changes have been documented in many
Antarctic ice cores, regional information on accompa-
nying environmental changes is still limited. Especially,
temporally resolved information on a dust induced iron
fertilization of marine phytoplankton productivity (Mar-
tin, 1990) and on reduced gas exchange and decreased
mixing of the ocean due to an increase in sea ice cover
(Toggweiler, 1999; Stephens and Keeling, 2000; Kdhler
et al., 2005) is needed to constrain the carbon cycle/
climate feedback. Independent information on mineral
dust deposition and sea ice coverage in different regions
of Antarctica can be deduced from aerosol records in deep
Antarctic ice cores (Petit et al., 1990; Delmonte et al.,
2002; Réothlisberger et al., 2002; Wolff et al., 2003; Udisti
et al., 2004; Wolff et al., 2006; Fischer et al., 2007).

Within the European Project for Ice Coring in
Antarctica (EPICA) two deep ice cores have recently
been drilled (Fig. 1). The core at Dome C (EPICA
community members, 2004) (EDC: 75°06’S, 123°21'E,
3233 m above sea level) in the Indian Ocean sector of
Antarctica comprises undisturbed ice core records over
the last approximately 800 kyr (Jouzel et al., in press). The
second ice core was drilled at Kohnen station in Dronning
Maud Land (EPICA community members, 2006)
(EDML: 75°00’S, 00°04’E, 2882 m above sea level).
With a snow accumulation rate 2—3 times higher than at
EDC it provides higher resolution records down to Marine
Isotope Stage (MIS) 4. Moreover, due to its location it
represents the first ice core closely linked to climate
changes in the Atlantic sector of the SO.

In the following, we report on mineral dust (repre-
sented by non-sea salt calcium (nssCa’")) and sea salt
aerosol (represented by sea salt sodium (ssNa")) records
derived from both ice cores in decadal to centennial
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resolution. The change of these parameters in the EDC ice
core has been previously discussed for the last 45 kyr in
high resolution (Réthlisberger et al., 2002) and in
millennial resolution over the last 740 kyr (Wolff et al.,
2006). Here we extend the discussion of the centennial
sea salt and mineral dust record from EDC to the last
150 kyr. More importantly, we contrast the EDC data to
the first continuous aerosol records from the Atlantic
sector of the Antarctic ice sheet as archived in the deep
EDML ice core. This way we can make use of the co-
herencies and differences between the two records
located on opposite sides of the East Antarctic plateau
allowing for an estimate of changes in transport in-
tensity and for the identification of regional differences
in aerosol source strengths.

2. Methods
2.1. Age scales

The age scale (called EDC3) for the EDC core was
derived using an accumulation and ice flow model
constrained by independent age markers (Parrenin et al.,
2007). For internal coherence, a dependent EDML age
scale (called EDML1) has been derived for the last 150 kyr
by synchronizing the EDC and EDML ice core (Ruth et al.,
2007; Severi et al., 2007) using volcanic horizons in
sulfate, in the dielectric profile as well as electrolytic
conductivity down to a depth of 2366 m (equivalent to
128 ka before present (BP) where present is defined as
1950). Below this depth no unambiguous volcanic
synchronization could be established and we relied on a
few pronounced dust match points to synchronize both
cores. Due to the hemispheric and often global impact of
volcanic eruptions on sulfuric acid deposition and due to
the common glacial dust source for EDML and EDC in
Patagonia (Grousset et al., 1992; Basile et al.,, 1997;
Delmonte et al., 2004a,b) this procedure provides
unambiguous isochrones in both ice cores and allows for
direct comparison of regional differences in the two cores
independent of absolute dating uncertainties. Below
150 ka BP no unambiguous matching has been accom-
plished yet (Ruth etal., 2007). Accordingly, we will restrict
the discussion of the EDML chemistry data to the last
150 kyr.

For this time period the absolute dating uncertainty of
the EDC3 age scale is always better than 6000 yr (Parrenin
et al., 2007). During MIS 3 the absolute uncertainty of the
age scale is less than 1500 yr. More important for our
comparison of the EDC and EDML ice cores is the internal
consistency of the EDC3 and the EDML1 age scale, which
is defined by the synchronization uncertainty. The

maximum synchronization uncertainty at 130 ka BP is
450 yr and even larger for older ages. However, during
most of the record the maximum synchronization
uncertainty is smaller and on average about 40 yr (Ruth
et al., 2007). Note, that this maximum synchronization
uncertainty is a conservative estimate and the typical
synchronization uncertainty is even smaller (on average
6 yr over the last 130 kyr). Thus, the interpolation error is
always small compared to the absolute dating uncertainty
and allows for unprecedented synchronization of these two
independent climate archives. Among others, this becomes
crucial when directly comparing aerosol fluxes at both sites
at a given point in time.

2.2. Chemical analyses

Samples for chemical analyses have been taken using
a continuous flow melting device, which precludes con-
tact of the melt water with contaminated ice core surfaces
(Rothlisberger et al., 2000). EDML Concentrations of
Ca?" and Na' presented here have been determined
using ion chromatography (IC), while the top 580 m of
Ca”" data at Dome C have been determined using con-
tinuous flow analysis (CFA) (Rdthlisberger et al., 2002;
Wolff et al., 2006). Analytical details for the EDC
chemistry data set are summarized in Wolff et al. (2006).
The uncertainty in IC analyses is mainly determined by
the lab dependent blank contribution, while the instru-
ment detection limit is one order of magnitude lower. The
average blank contribution for EDML lies between 3
and 50% of the Ca®" concentration for average glacial and
interglacial conditions, respectively, and between 2
and 5% in the case of Na'. The reproducibility of the
Ca”" and Na" data is typically better than 10% and even
better than 5% during glacial conditions. During
interglacial periods the reproducibility of Ca®" concentra-
tions lower than 2 ppb deteriorates to around 50%. The
CFA based EDC Holocene record is not affected by this
blank contribution. For the EDML ice core the top 113 m
were not sampled. The depth interval 113—450 m in the
EDML ice core covering the time period from 1200 to
6700 a BP has been sampled in 5 cm resolution and then
averaged to | m intervals for this study. Analyses of these
6400 high-resolution samples were done in 4 continuous
batches in 4 different laboratories. Due to different lab
procedures blank values and reproducibility of the
different batches vary from lab to lab. To account for
the interlaboratory differences in mean blank contribution
and to gain a homogeneous record throughout the
Holocene, the concentration values have been corrected
by subtracting the mean concentration difference in
neighboring 5 m depth intervals in each of the adjacent
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batches with the depth interval 273—-450 m taken as
reference interval. To avoid a bias by high concentration
peaks we used the median to estimate the mean
concentration level. In doing so, all data are corrected to
the same average blank contribution, assuming that no
change in average atmospheric concentrations occurred in
the adjacent 5 m intervals used for the correction,
representing a time interval of approximately 150 yr.
With this procedure we are able to avoid interlaboratory
offsets between the batches while retaining as much long-
term variability in the individual batches as possible. For
the sodium record the average correction was —0.8 ppb
(the maximum correction was —2.4 ppb applied to one
batch) which is less than 5% (maximum 14%) of the
average concentration. For the calcium record the
correction was on average 0.2 ppb (maximum correction
—3.0 ppb applied to one batch), i.e. about 9% (maximum
130%) of the average concentration. Note, that these
interlaboratory corrections affect only the Holocene
record and are rather small for Na’. For Holocene
samples with low Ca®" concentrations these corrections
are significant and we have to state that we cannot
determine the lower envelope of Holocene Ca”* concen-
trations with certainty using IC. Note however, that these
corrections do not affect any of our conclusions on glacial

343

aerosol variability, where Ca®" concentrations are more
than one order of magnitude higher. The depth interval
450-2774 m has been analyzed entirely in one lab in 1 m
resolution and no interlaboratory offsets had to be
corrected.

The contributions of sea salt and mineral dust to the
total Ca®" and Na" content have been corrected using the
sea salt Ca>"/Na" and the average crustal Ca**/Na" ratio
of R,=0.038 and R=1.78 (Bowen, 1979) (in bulk
weight units), respectively (Rothlisberger et al., 2002).
While this correction is of minor importance for in-
terglacial sea salt aerosol (on average 10%) it becomes
important for mineral dust in the Holocene where appro-
ximately 24% of the total Ca®" content in the EDML core
is derived from sea salt aerosol. In the peak glacial (20—
30 ka BP) this effect is reversed. Here nssCa®" is on
average only 5% lower than total Ca®" while about 28%
of'the total sodium is of crustal origin. The composition of
crustal tracers as recorded in ionic ice core data may differ
from R, which is based on the bulk elemental composition
of insoluble crustal material. Note, that R, may vary
dependent on the composition of crustal material as well
as on size dependent fractionation processes of different
minerals during the formation of mineral dust aerosol. Ice
core observations at EDC point to an R, which may be
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Fig. 2. Na™ (grey line) and Ca" (black line) concentration records (logarithmic scale) as measured on the EDML (top) and EDC ice cores (bottom) on
their individual depth scale in 1 m resolution. The dashed-dotted lines indicate pronounced isochronous dust changes during the last two glacial/

interglacial transitions in both records.
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Fig. 3. Sea salt Na* (ssNa") and non-sea salt Ca>" (nssCa’") flux records (logarithmic scale) over the last 150 kyr at EDML and EDC on the common
EDMLI1/EDC3 age scale (Parrenin et al., 2007; Ruth et al., 2007). For comparison past accumulation rates at the site of deposition are given as
derived from isotope temperature changes (8'%0, 6D) at EDML and EDC (EPICA community members, 2004, 2006) which have been used for flux
calculations. Data are shown in 1 m resolution (thin grey lines) and 500 yr averages (thick black line for EDML and thin black line for EDC), the latter
accounting for the loss in temporal resolution down core. Also depicted are reconstructed changes in benthic 6'%0 representative of long-term sea

level changes on the new EDMLI/EDC age scale (Bintanja et al., 2005).

closer to 1 (Bigler et al., 2006). While the effect of such a
variability in R, changes the nssCa®" estimate only by a
few percent, its effect on ssNa' is considerable. For
instance reducing R; within reasonable bounds to 1
(Bigler et al., 2006) or increasing it to 3.5 changes the
ssNa® estimate by 10-30% for glacial conditions in
Antarctica (Fischer et al., 2007). Note, that R, may also
change from glacials to interglacials due to potentially
shifting sources and weathering conditions, however,
within reasonable limits of R; this effect is too small to
significantly affect our conclusions.

2.3. Accumulation rates and deposition fluxes

The total average deposition flux J; at an ice core
site (Fischer et al., 2007) can be approximated by

Jiot = Ciced = VdryCair + W/ pairCairA~

The first term on the right hand side of this equation
parameterizes the dry deposition and the second term the
wet deposition flux with vy, the total mean dry
deposition velocity, W the scavenging ratio, p,; the
density of air, Cy;, the atmospheric aerosol concentration
and A the average accumulation rate. In low accumu-
lation areas dry deposition dominates and the total flux
is essentially independent of changes in accumulation
and almost proportional to the atmospheric aerosol
concentrations. Accordingly, we will discuss aerosol
flux records in this study, which are more representative
of atmospheric aerosol concentrations. Knowledge of
the latter is a prerequisite for quantitative estimates of
source strength or transport changes in the past. The
total deposition flux was calculated by multiplying the
measured ice concentration Cj,. with reconstructed
accumulation rates (Figs. 2 and 3). Both at EDC and
EDML the accumulation rate is estimated from the
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stable water isotope (5'%0, dD) profiles (after correction
for changes in the isotopic composition of sea water due
to continental ice mass changes) essentially assuming
thermodynamic control of the water vapor saturation
pressure (EPICA community members, 2006; Parrenin
et al., 2007). Second order corrections of non-thermo-
dynamic effects on the accumulation rate at EDML have
been made using the spatial variability in accumulation
rates upstream of the drill site (EPICA community
members, 2006) derived from firn cores and an extended
surface radar survey (Oerter et al., 2000; Steinhage et al.,
2001; Graf et al., 2002; Rybak et al., 2005) and at EDC
by a one-dimensional flow model (Parrenin et al., 2007).
The error of the reconstructed accumulation rates is
estimated to be 30% for glacial times and significantly
less for warm periods, where the precipitation regime is
similar to today. This is also supported by comparing
these continuous thermodynamically derived accumu-
lation rates at EDML with discrete accumulation rates
derived from the unstrained layer thickness between
volcanic match points (Severi et al., 2007). Both
accumulation estimates agree typically within +20%.
Because the accumulation information based on §'*0
can be calculated continuously in high resolution over
the entire length of the core, we will use the thermo-
dynamically derived accumulation rate in the following
to derive aerosol fluxes. Based on the errors in
accumulation rates and ion concentrations, the aerosol
fluxes are constrained to better than 30% for the large
majority of the samples and to better than 60% for very
low Holocene Ca*" concentrations. Note, that although
these errors are considerable they are small compared
to the order of magnitude change in glacial/interglacial
Ca®" concentrations and cannot explain systematic
glacial variations on millennial time scales in concen-
tration and flux records.

2.4. Upstream correction

In contrast to the EDC ice core, which is located on a
dome position, the EDML ice core lies at a saddle
position of the ice divide with small (about 1 m/yr)
horizontal flow velocities. Accordingly, while the ice at
Dome C originates at the current drill site, deeper ice at
EDML originates from upstream positions at higher
altitudes, where temperatures and accumulation rates are
lower and the atmospheric aerosol concentrations may
be slightly different. E.g. ice with an age of 150 ka BP
has been deposited 160 km upstream (EPICA commu-
nity members, 2006; Huybrechts et al., 2007). Note, that
geographic effects in aerosol concentrations are small
compared to the glacial/interglacial changes (Sommer

et al., 2000; Goktas et al., 2002). As outlined above the
true total aerosol flux at the site of deposition should be
almost independent from the local snow accumulation
rate in low accumulation areas where dry deposition
prevails. Accordingly, we used the local accumulation
rate at the site of initial deposition to calculate total
aerosol fluxes.

3. Results

The Ca®" and Na" concentration records for both ice
cores are shown on a depth scale in Fig. 2. The EDC
record provides unprecedented data over 8 full glacial
cycles, while the EDML record shows only 2 unam-
biguous glacial maxima. In return, the EDML record
exhibits higher annual layer thicknesses down to a depth
of 1900 m, allowing for higher resolution records down
to an age of approximately 80 ka BP. The concentration
records show comparable glacial/interglacial variations
both at EDML and EDC with 1-2 orders of magnitude
higher sea salt and mineral dust concentrations during
glacial periods and significant millennial dust variability
during marine isotope stage 2—4. Similar glacial/
interglacial variability has been also reported from
Vostok (de Angelis et al., 1997) and Taylor Dome
(Mayewski et al., 1996) as far as temporal resolution
allowed.

One major achievement for the EPICA ice cores is the
unambiguous stratigraphic link between the two EPICA
ice cores (Ruth et al., 2007; Severi et al., 2007). This
common EDMLI/EDC3 age scale allows for direct
comparison of aerosol flux records and their interpretation
in terms of atmospheric aerosol concentrations. In Fig. 3
the ssNa' and nssCa®" flux records are plotted. The
accompanying changes in the snow accumulation rate are
given for comparison. Clearly, both records show a very
high covariance between both sites in each of the aerosol
species. However, nssCa”" fluxes at EDML are about 3
times higher than at EDC showing that atmospheric
nssCa”" concentrations are substantially higher at EDML
than at EDC. Isotopic fingerprinting for Dome C samples
showed that Patagonia is the dominant source of mineral
dust deposited at that site in the glacial (Basile etal., 1997,
Delmonte et al., 2007) as also supported by dust modeling
(Lunt and Valdes, 2001; Mahowald et al., 2006). In the
interglacial an additional Australian dust source may be
possible at Dome C (Revel-Rolland et al., 2006;
Delmonte et al., 2007). Isotopic fingerprinting of mineral
dust has not been accomplished yet at EDML, but a strong
influence of Australian dust sources to EDML appears to
be very unlikely, given its geographic location which is
much closer to South America and downwind of the
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cyclonically curved atmospheric pathway from Patagonia
(Reijmer et al., 2002). Accordingly, we attribute the
higher atmospheric nssCa>" concentrations at EDML to
the greater proximity of EDML to the Patagonian dust
source.

Also sea salt fluxes are about a factor of 2 higher at
EDML than at EDC indicating higher atmospheric sea
salt aerosol concentrations in Dronning Maud Land.
Note, that in the case of sea salt wet deposition may have
a stronger influence than is the case for dust. Transport of
sea salt aerosol is closely linked to cyclonic activity and a
higher contribution by wet deposition of sea salt aerosol
may be expected. This holds especially at EDML, where
large parts of the recent annual accumulation is derived
from a few single snow fall events per year (Reijmer and
van den Broeke, 2001), while at EDC only non-frontal
diamond dust is observed. Model studies show that
circum-Antarctic cyclone activity in the glacial was most
likely reduced (Krinner and Genthon, 1998) due to the
extended sea ice cover and an accompanying northward
shift of the atmospheric polar front, reducing the effect of
single precipitation events on sea salt transport to EDML
at that time. Given the high covariance between both
records and the extremely low glacial accumulation of
1-3 cm WE/yr at both sites a dominant influence of wet
deposition during cold climate periods appears to be
unlikely. This implies that glacial sea salt fluxes are
largely representative of the true variations in atmo-
spheric concentrations.

Most striking are the substantial changes in dust and
sea salt fluxes over the last glacial cycle similarly found
at both sites. The nssCa”" flux decreased by a factor of
about 10 during the last two glacial/interglacial transi-
tions (Fig. 3) at both sites. At the same time the ssNa"
flux decreased at EDC by a factor of 2 and at EDML by a
factor of 3 from the Last Glacial Maximum (LGM) to the
Holocene and by a factor of 4—8 during the penultimate
transition, essentially due to much lower ssNa" fluxes
during the interglacial MIS 5.5. Apart from the glacial/
interglacial changes in dust emissions, strong millennial
variations in the nssCa”" flux are also observed, while
such variations are very subdued in the sea salt record.

4. Discussion
4.1. Mineral dust

A key question is, how much of the glacial/interglacial
and millennial variations in the glacial is due to changes in
the aerosol transport or changes in aerosol source strength.
Using the coherent change in glacial dust fluxes at both
EPICA sites from opposite sides of the East Antarctic

plateau (*=0.82 for 100 yr averages), we are now able to
constrain the influence of transport changes on the
changes in mineral dust flux in Antarctica. Assuming
the atmospheric aerosol concentration close to the source
is given by C,;;(0) and an air parcel is transported away
from the source, the atmospheric aerosol concentration
C.ir at any time ¢ along the transport trajectory can to first
order be approximated by

Cair(t) = Cair<0)exp(_t/f) or
log[Cair (1) / Cair (0)] = —t/7

where ¢ is the transport time and the average atmospheric
residence time 7 along the transport route is controlled by
wet and dry deposition (Hansson, 1994). 7 is typically on
the order of a few days to weeks (Mahowald et al., 1999;
Gong et al., 2002; Reijmer et al., 2002; Werner et al.,
2002). If two sites with transport times # and #, (e.g.
EDML and EDC) are considered, the logarithmic air
concentration at site 2 can be expressed by the con-
centration at site 1 according to

log[Cyir(12)] = log[Cuir(t1)] — At /7 (1)

where Af=t,—1, is the transport time difference along the
two trajectories and where we assume that the atmospheric
residence time along both transport routes is comparable.
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Fig. 4. Scatter plot of logarithmic nssCa”" (light grey dots) and ssNa"
(dark grey dots) fluxes in the EDC vs. EDML ice cores in 100 yr
resolution according to Eq. (1). If transport remains unchanged the
difference of the data points from the first bisecting line should stay
constant. For visual guidance a linear regression through all data points
has been added which shows a slope close to 1 for nssCa”" (dark grey
line) and around 0.6 for ssNa" (light grey line).
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Accordingly, if the aerosol is derived from the same source
at both sites (as is the case for glacial Patagonian dust in
Antarctica) the difference in the logarithmic atmospheric
aerosol concentration (thus, the deposition flux in
Antarctic low accumulation areas), should be A#/r. The
offset A#/t may change for different climate conditions.
For example if transport velocities intensify as hypothe-
sized for colder climate conditions (Petit et al., 1999), At
and, thus, the logarithmic offset should become smaller. If
the atmospheric residence time 7 is considerably length-
ened as hypothesized for cold periods (Yung et al., 1996;
Petit et al., 1999) the offset should also be reduced.

As shown in Fig. 4 the difference of logarithmic
nssCa”" fluxes in the ice (representative of atmospheric
nssCa®" concentrations) at EDC and EDML stayed rather
constant, providing observational evidence that transport
parameters for dust transport from Patagonia to Antarctica
have not changed strongly over the last glacial cycles.
Alternatively, both A¢ and T may have changed in the
same way compensating each other’s transport effect.
However, it seems unlikely that this was the case during
all time periods over the last 150 kyr. In any case the
change in atmospheric concentration at the drill site is
only dependent on the joint effect of transport time and
residence time which, based on our results, was limited. In
Table 1 the average differences (representative of A#/1) of
logarithmic fluxes between EDML and EDC are
summarized for individual time periods. Based on our
conceptual model it becomes clear that A#/t is between 1
and 2 for all time periods over the last glacial cycle,
implying that the difference in transport time is similar to
the atmospheric residence time and is on the order of a
week approximately in line with back trajectory studies
(Reijmer et al., 2002). For the glacial intervals, where
Patagonian dust is dominant (Grousset et al., 1992; Basile
et al., 1997; Delmonte et al., 2004a), the offset lies
between 1 and 1.5 with the lower values for peak glacial
conditions (LGM, MIS6). This points to a somewhat
faster transport or a larger residence time during the
coldest periods but the decrease in A#/t from MIS3 to the
LGM is still within the uncertainty in Table 1. Taking the
values in Table 1 at face value a LGM decrease in A#/t

Table 1

compared to MIS3 could explain increases in the
atmospheric nssCa®" concentration of approximately
40% assuming that this change were entirely due to
changes in atmospheric residence time and if we assume
both an average atmospheric residence time and a trans-
port time to EDML of approximately a week during MIS
3 (Gong et al., 2002). Only if we use an unrealistically
long transport time, which is 6 times larger than the
atmospheric residence time, can we explain the observed
factor of 5 changes in the glacial nssCa" flux records with
our simple conceptual transport model. The largest
difference in Table 1 is found between the Holocene
and the LGM. Taken at face value this would point to a
slower transport or a reduced atmospheric residence time
during the Holocene, which could explain a glacial
increase by 70%. However, the Holocene Ca** flux at
EDML has to be regarded as an upper limit due to the
relatively high blank contribution in this time interval and
accordingly the real difference in A#/t in Table 1 is
significantly smaller. E.g. reducing the average Holocene
concentration at EDML for a blank contribution of only
1 ppb would reduce A#/t to 1.5, i.e. a value similar to
MIS3 and 4.

Interestingly, the scatter of the nssCa®" flux data in
Fig. 4 decreases with increasing flux values, i.e. for colder
climate conditions. This can only partly be explained by
the larger measurement uncertainty for low Ca®"
concentrations during warm periods. Accordingly, this
suggests a higher transport variability or a variable input of
Australian dust export to Antarctica for warm climate
conditions. In summary, we conclude that both transport
intensity as well as variability changed over time but
played only a secondary role for the observed dust changes
in line with atmospheric circulation models (Krinner and
Genthon, 1998; Reader and McFarlane, 2003; Mahowald
etal., 2006). Thus, the observed changes in nssCa*" fluxes
predominantly reflect changes in source strength.

For glacial dust this implies strongly increased dust
emissions in Patagonia, which are most pronounced
during the LGM. The penultimate glacial but also the
cold interval between 60—70 ka BP show extraordinarily
high nssCa®" fluxes comparable to the environmental

Average = standard deviation of the difference in logarithmic nssCa”" fluxes in 100 yr resolution at EDML and EDC representing the average ratio of
the transport time difference between the two sites and the atmospheric residence time as controlled by wet and dry deposition en route

Time Holocene LGM MIS3 MIS4-5.4 MIS5.5 MIS6
period 1-10 ka BP 20-30 ka BP 30-60 ka BP 60—120 ka BP 120130 ka BP 130-150 ka BP
At/ (2.01+£0.47) 0.96+0.17 1.41+0.40 1.5640.84 (1.45+0.51) 1.16£0.39

The Holocene value represents an upper limit due to the larger blank contribution to ion chromatographically determined Ca>* concentrations at
EDML compared to the CFA data used at EDC. During MISS5.5 both EDML and EDC are affected by the blank level.
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conditions during the LGM. Parallel to the nssCa®" flux
maxima in Antarctica, terrigenous records in marine
sediments in the northern Scotia Sea also point to higher
mineral dust input from southern Patagonian sources
(Diekmann et al., 2000), however this study did not
distinguish between aeolian and lateral transport of
suspended particles to the sediment. The rest of the last
glacial is characterized by intermediate nssCa®" fluxes,
hence mineral dust emissions in Patagonia, which are
strongly but not linearly related to temperature changes
recorded in Antarctica (Fig. 5) (Wolff et al., 2006).
Especially, each of the Antarctic Isotope Maxima (AIM)
(EPICA community members, 2006) indicated in Fig. 3
is accompanied by a significant decline in nssCa®" fluxes
at EDML and EDC. This points to synchronous changes
(reduced aridity and/or lower wind speeds) in the Pata-
gonian source regions during AIMs. Of special impor-
tance in Fig. 3 are also the apparently comparable
environmental conditions during the last two intergla-
cials. This points to similar precipitation rates and wind
speeds in Patagonia while temperatures in Antarctica
were 2—4 °C higher in MIS5.5 than in the Holocene
(EPICA community members, 20006).

Little is known about the long-term change in local
Patagonian climate beyond the LGM. For the LGM,
terrestrial records ((Markgraf et al., 1992) and references
therein) and climate models (Wainer et al., 2005) suggest
increased aridity leeside of the Andes and a northward
expansion and potential strengthening of the westerlies
(Moreno et al., 1999). The latter is connected to the

northward expansion of sea ice found in marine sediment
records (Gersonde et al., 2005) and in line with our sea
salt reconstructions discussed in Section 4.2. Model
simulations on the change in the southern hemisphere
westerlies are inconsistent (Shin et al., 2003; Butzin
et al., 2005; Otto-Bliesner et al., 2006). While an
idealized atmospheric model without continents shows a
clear glacial northward shift of peak westerly winds
(Williams and Bryan, 2006), one model study with a
complex coupled ocean/atmosphere climate model (Shin
et al., 2003) shows even a slight southward shift of the
peak wind stress in the SO. Interestingly, a northward
expansion of the westerlies is also observed for recent
winter conditions compared to summer in NCEP/NCAR
reanalysis data (Kalnay et al., 1996), while the core of the
westerlies in the SO does not shift in latitude.

Another possible factor acting on dust emission may
be the reduction of sea level exposing substantial shelf
areas especially on the Atlantic side off Patagonia.
Comparison of the EDC nssCa®" record with coast line
reconstructions for the Argentinian shelf (Wolff et al.,
2006) showed that the major glacial/interglacial nssCa*"
decrease occurred prior to any significant sea level rise.
In addition the millennial climate variability during MIS
3 is also accompanied by significant nssCa®" flux
variations (Fig. 3), but has not been accompanied by sea
level changes at similar high frequencies. In contrast to
the delayed global sea level rise relative to the mineral
dust decrease, an early glacier retreat before 17 ka BP
has been reported from Tierra del Fuego and other mid-

300 300
EDC
EDML
- L] -
N; 200 [~ — 200 >
° £
% i ¢ %y 7] %
— L %X i =)
& oB . =
8 B "to n g
3 23 2
@ 100 [ A — 100 &2
= . o S
B r: . -
o s
0 L i SEpERRiw | ] IR T TR Y TR TR N NN SR B 0
205 215 225 235 205 215 225 235
Tsurf (K] Tsuﬁ [K]
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latitude glaciers (Sugden et al., 2005; Schaefer et al.,
2006), supporting a close connection of glaciation and
continental dust sources in southern South America.
Outwash of mineral dust material has been strongly
enhanced during glacial expansion of southern Andean
ice masses, providing a potential active source for
mineral dust mobilization in the glacial. In summary we
suggest that a combination of changes in glacial
outwash, aridity and wind speed are mainly responsible
for the glacial/interglacial mineral dust changes
recorded in Antarctica (Mahowald et al., 2006) while
the influence of sea level changes is small for the rapid
decrease in dust fluxes at the beginning of the ter-
mination and during MIS 3.

4.2. Sea salt

A quantification of transport changes for sea salt
aerosol is even more difficult as in the case of dust. Sea
salt concentration increases more strongly at EDML
than at EDC for colder climate conditions leading to an
increase in the difference of logarithmic sea salt
concentration in Fig. 4. However, this cannot be used
to quantify transport changes as in the case of glacial
dust because the sea salt source regions for the Atlantic
and Indian Ocean sector of Antarctica are not the same
and sea salt source strength as well as transport may
have changed independently in both regions. In view of
the largely expanded sea ice coverage around Antarctica
a longer transport time from the open ocean to the
Antarctic plateau is expected in glacial periods and any
intensification of transport from the open ocean would
have to overcompensate that effect. An increased inflow
of marine air masses from the open ocean leading to an
increased sea salt aerosol flux seems also in contradic-
tion with the strongly depleted stable water isotope
(60, &D) levels (EPICA community members, 2004,
2006) and reduced snow accumulation rates at both
sites, pointing to a stronger depletion of marine air mas-
ses in water vapor and most likely also sea salt aerosol
during transport.

Also an explanation of the site dependent glacial
increase in sea salt fluxes in terms of sea salt source
strength is not straightforward. The canonical interpre-
tation of changes in sea salt aerosol is an increased sea/air
particle flux at the open ocean surface due to increased
wind speeds. This, however, is in contradiction to the
greatly increased sea ice cover (Gersonde et al., 2005)
during glacial periods. Aerosol formation from brine
water, as for example experienced during the formation
of frost flowers in sea ice leads and polynyas, has
recently been identified as an additional effective source

for sea salt aerosol (further on referred to as “sea ice
salt”). Precipitation of mirabilite (Na,SO4-10H,0) from
sea water during brine formation leads to a characteristic
sulfate depletion compared to the average sea water
composition. This fractionation has been regularly
observed in atmospheric sea salt aerosol concentrations
at coastal Antarctic sites in winter (Wagenbach et al.,
1998; Rankin et al., 2000) showing the importance of the
brine water source for the local sea salt aerosol budget.
Brine and frost flower formation was also suggested as a
possible mechanism for the glacial/interglacial increase
in sea salt concentrations in ice cores on the high
Antarctic plateau (Wolff et al., 2003, 2006). Only recent-
ly, year-round aerosol sampling on the East Antarctic
plateau revealed evidence of sulfate depleted sea salt
aerosol during austral winter (Hara et al., 2004), which
we interpret as significant influence of sea ice formation
on the sea salt aerosol budget also for the interior of
Antarctica (Wolff et al., 2006; Fischer et al., 2007). In the
following we will explore whether we can explain the
observed changes in sea salt fluxes, if we take sea ice salt
formation into account, while recognizing that there
remains some controversy about this interpretation as
long as we have no quantitative source estimate for sea
ice salt production.

Due to wind driven opening of leads this sea ice salt
aerosol formation process occurs throughout the sea ice
cover and continuously in coastal polynyas. Based on
diatom evidence in SO sediment records it was shown
that the circum-Antarctic winter sea ice cover during the
LGM was enhanced by approximately a factor of two
from 19 to 39-10° km* (Gersonde et al., 2005). Al-
though the reconstruction of the summer sea ice edge is
hampered by the lack of siliceous sediments in regions
of second year sea ice, some evidence for substantial
summer sea ice exists for the LGM in the Atlantic and
Indian Ocean sector of the SO (Gersonde et al., 2005).
This indicates that the glacial summer sea ice was as
large as recent winter sea ice coverage in the Atlantic
sector while it was not extended in the Indian Ocean
sector of the SO. Sea surface temperatures in summer
sea ice regions (e.g. in coastal polynyas in the Weddell
Sea) have been well below the freezing point during the
LGM (Gersonde et al., 2005), allowing for considerable
sea ice formation also during summer. This summer sea
ice salt formation would add to the sea ice salt aerosol
emission in winter and further enhance the annually
averaged aerosol source strength of this process. If we
take at first order the sea ice salt contribution to the
Antarctic sea salt budget to be proportional to the total
sea ice cover in winter and summer we expect a factor of
2 increase in the Indian ocean and a factor up to 3
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increase in the Atlantic sector of the SO, favorably in
line with our observations in the EDC and EDML ice
cores.

Concentrating on the variability in sea salt flux in
parallel to millennial climate variations during MIS 3
(Fig. 4) it becomes clear that a warming during AIMs
does not lead to a clear response in sea salt fluxes. This
casts doubt on a quantitative use of sea salt in ice cores as
sea ice proxy. During peak glacial times the potential sea
ice salt formation zone extends as far north as 50°S. Sea
ice salt produced in areas at the outer edge of the sea ice
cover has to travel a very long distance before it reaches
an ice core site on the Antarctic plateau. Due to this long
transport time it experiences substantial depletion by wet
and dry deposition en route. Accordingly, we suggest
that the farther north the sea ice salt formation zone
extends during cold periods the less efficient is this edge
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area to add to the sea salt acrosol budget at Antarctic ice
core drill sites. Looking at the sea salt variations in MIS 3
in more detail (Fig. 6) we see that at EDC no imprint on
sea salt fluxes can be found during AIMs whatsoever
while the record at EDML suggests a tendency to rapidly
reduced sea salt fluxes at the onset of most of the
warming events and a gradual recovery thereafter. Al-
though this effect is rather weak it may point to a decline
in the summer sea ice extent in the Weddell Sea sector
which may react more sensitively to the warming events
during MIS 3.

A major difference in ssNa” fluxes exists for the
penultimate warm period. During MIS 5.5 the sea salt
flux in the EDML ice core was reduced by a factor of 4
while it was lowered by a factor of 2—3 at EDC com-
pared to Holocene conditions in line with significantly
warmer temperatures at EDC and EDML (EPICA
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Fig. 6. High-resolution (100 yr averages) plots of stable water isotopes, ssNa" fluxes and nssCa”" fluxes in the EDML (black line) and EDC (grey
line) ice cores during the time interval 22—-42 ka BP on the common EDMLI/EDC3 age scale (Parrenin et al., 2007; Ruth et al., 2007). Isotope
temperatures show Antarctic Isotope Maxima (AIM) during this period (EPICA community members, 2006) which are also reflected in lowered
nssCa”" fluxes at both sites (indicated by arrows in the bottom panel, note the logarithmic y-scale). Sea salt acrosol at EDML tends to a rapid decline
at the onset of most of the AIMs (indicated by arrows in the middle panel) while no significant changes in sea salt aerosol can be observed at EDC.
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community members, 2006). Because summer sea ice is
nearly absent in the Indian Ocean sector for Holocene
conditions, this implies that only a reduction in the
winter sea ice salt source could explain the sea salt
decrease in this region during the warmer MIS 5.5. In
the Atlantic sector of the SO an even stronger decline in
sea ice coverage during MIS 5.5 is indicated by our
ssNa' data, possibly related to a reduction of both winter
and summer sea ice in the Weddell Sea. This is also
supported by changes in marine sediments, indicating a
southward shift of the opal deposition belt by 3-5°
latitude (Bianchi and Gersonde, 2002) at that time.

5. Conclusions

Sea salt and mineral dust aerosol records are
representative for basin-wide atmospheric catchment
areas of aerosol transported onto the East Antarctic ice
sheet. The records allow us to draw a clearer picture on the
timing of environmental changes in Patagonia and the SO
and their influence on aerosol formation in parallel to
climate variations in Antarctica over the last 150 kyr.

Sea salt records at both sites allow for the first time a
basin-wide estimate of sea salt aerosol emissions, which
support an accompanying change in sea ice cover over the
complete time interval from the penultimate glacial to the
present. The coherence of the two sea salt records from
opposite sides of the Antarctic ice sheet indicates a
waxing and waning of sea ice, which was generally syn-
chronous in the Atlantic and the Indian Ocean sector of
the SO on glacial/interglacial time scales. The sensitivity
of sea salt fluxes to temperature changes (Fig. 5),
however, is higher in the Weddell Sea sector, a fact
which we attribute to a more vigorous change in sea ice
cover and the additional role of summer sea ice extent on
sea ice salt formation in this area. We note, that for very
cold climate conditions sea salt changes become increas-
ingly insensitive to temperature changes probably related
to the long transport distance of aerosol formed at the
northern margin of the sea ice cover. Accordingly, the use
of sea salt as quantitative proxy for sea ice coverage is
hampered and requires a rigorous calibration against
marine sediment data for different time slices, experi-
mental studies of the modern sea ice salt source as well as
refined model studies about its change in the past.

Using our dust records from sites facing different
sectors of the SO with greatly different distances to
Patagonia and using a simple conceptual transport model
we can rule out a substantial variation in transport as
being the main factor being responsible for the observed
nssCa”" changes during glacial times as also supported
by atmospheric circulation models (Krinner and Gen-

thon, 1998; Reader and McFarlane, 2003). Instead our
results point to temporal changes in the strength of the
Patagonian mineral dust source in parallel to temperature
variations in Antarctica. The three times higher nssCa®"
fluxes at EDML also point to a threefold higher aeolian
dust input into the Weddell Sea sector of the SO, po-
tentially related to a stronger dust fertilization in this
region. This effect may be amplified by a potential dust
storage effect of the greatly extended winter and summer
sea ice coverage as indicated in our ssNa" record. The
extension of summer and winter sea ice in this region is
also expected to have a strong effect on bottom water
formation, gas exchange and wind shear of the surface
ocean likely related to a reduced ventilation of the deep
SO with strong impacts on the global carbon cycle
(Kohler et al., 2005). Accordingly, our data will allow for
a better time resolved, basin-wide quantification of
potential dust fertilization on marine export productivity
and investigation of the effect of the sea ice extent on gas
exchange and water mass formation.
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1 Abstract

The importance of trace element analysis in natural samples for climate reconstruction has increased in recent
years. Oftentimes the available sample amount is very restricted. Therefore high sensitive detection systems with
fast data acquisition are required. The inductively coupled plasma time of flight mass spectrometer (ICP-TOF-
MS) meets these demands. Here we present accuracy and precision studies of the ICP-TOF-MS for element
analysis. Therefore reference materials SPS-SW1, SLRS-4 and NIST 1640 were analysed. Further accuracy
studies for rare earth elements (REE) were accomplished with low concentrated molten ice core samples from
Antarctica. Results obtained by ICP-TOF-MS are compared with results obtained by ICP-Quadrupol-MS and
ICP-Sector Field-MS. The presented ICP-TOF-MS correlates very well with ICP-Q-MS and ICP-SF MS as long
as analysed concentrations are higher 4 ng L. Below that concentrations the results have to be looked at

carefully.

Keywords: ultra trace element analysis, [CP-TOF-MS, rare earth elements, Antarctic ice

2 Introduction

The earth climate is mainly driven by complex processes between the Arctic and Antarctic. Mineral dust and sea
salt have been deposited on polar ice caps over several thousands of years. Because of the stratigraphic
deposition of snow these chronologically deposited compounds reflect various aspects of climate change [1-4].
Owing to large distances between South America — Antarctica (~1100 km), South Africa — Antarctica (~4000
km) and New Zeeland / Australia Antarctica (~2500 km, ~3000 km), Antarctica is one of the cleanest areas of

the world. Therefore highest demands are posted on sampling of snow and ice cores, sample preparation and
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finally the analysis of low concentrations [5-7]. The complexity of sampling in the isolated Antarctica implicates
restricted sample volumes available for trace element analysis.

Several methods for trace element analysis in polar snow and ice are performed. Analytical techniques such as
atomic absorption spectrometry (AAS) [8-9], cold vapour atomic fluorescence spectrometry (CVAFS) [10-11]
are used for single element analysis. Isotope dilution mass spectrometry (IDMS) [12] and mass spectrometry
(MS) in general are used for multiclement analysis. Information about sea salt, mineral dust and anthropogenic
compounds should be obtained prefereably out of one sample. This is important if high spatial resolution
analysis is accomplished. Thereby, errors generated by assigning the sample to its originating depth are

eliminated. Hence MS is most suitable for multielement analysis.

MS are made up of different components; the mass analyzer determines the type of spectrometer. Sector field
mass spectrometers (SF-MS) [5] and quadrupol mass spectrometers (Q-MS) [7] are the most common MS types
used for investigations of polar ice core samples. These MS measure in the sequential mode. Owing to low
sample volumes a delimited amount of isotopes can be analysed. In contrast to these MS systems the time of
flight-MS (TOF-MS) analyses in the “simultaneous” mode. Major advantages of this system are: no limitations
in the number of analysed isotopes, fast data acquisition and consequently the possibility for numerous replicate
analysis. [13] gives a brief overview on the application of TOF-MS. Until now there is only a spare number of
literature available on the use of TOF-MS for element analysis [14-17] and none publication for element analysis

at the ultra trace concentration level.

The aim of this work is to assess the accuracy and precision of the inductively coupled plasma- TOF-MS (ICP-
TOF-MS) [17-18] developed at the Institute for Analytical Science in Berlin. Therefore reference materials SPS-
SWI1, SLRS-4 and NIST 1640 were analysed. Detection limits, the recovery rate and precision, the sample
consumption and analysing time will be presented.

For intercomparison studies natural ice core samples, drilled within the EPICA project (European Project for Ice
Coring in Antarctica) [19] were analysed by ICP-TOF-MS, ICP-Q-MS (Elan 6000, Perkin Elmer/Sciex) and
ICP-SF-MS (Element 2, Thermo Finnigan). Owing to the limitation of analysed isotopes, especially by ICP-SF-
MS, only rare earth element (REE) concentrations are compared. The presented ICP-TOF-MS correlates very
well with ICP-Q-MS and ICP-SF MS as long as analysed concentrations are higher 4 ng L. Below that

concentrations the results have to be looked at carefully.



3 Experimental

3.1 Standards and Labware

At the Alfred Wegener Institute (AWI) in Bremerhaven, ultrapure water was produced by coupling a reverse
osmosis system with a Purelab ultra system (Elga, High Wycombe, U.K.). Commercial available ICP-MS
multielement stock solutions (Perkin Elmer) were used for external calibration of the ICP-MS systems. At the
Department of Environmental Science (DES) in Venice, the ultrapure water was produced by coupling a Milli-Q
(Millipore, Bedford, MA) water system with a Purelab Ultra system (Elga, High Wycombe, U.K.). Matrix
matched calibration was done at DES obtained by adding different amounts of multielement standard spikes to a
surface snow sample. At AWI all standards were acidified to pH 1-2 with subboiled HNO; (distilled 65 %
HNO;, pro analysis, Merck) and contained 1 pg L' Rh (RhCls, Merck) as internal standard. Eppendorf Pipettes
with polypropylene (PP) tips were used for sample and standard preparation. Steps for standard preparation were
done under a clean bench (US Class 100) which was located inside a clean room laboratory, classified as US
Class 10,000, but presently U.S. Class 100-1000 is achieved. At AWI all labware which came into contact with
samples and standards were run through a special cleaning procedure in the following way:

e | week treatment with 3 % Mucasol solution (Merck) to degrease all labware, thereafter rinsing all parts with

ultrapure water

1 week treatment with 1:4 diluted HCL (30 %, suprapur, Merck) , thereafter rinsing all parts with ultrapure

water

1 week treatment with 1:4 diluted HNO; (distilled 65 %, p.a., Merck) , thereafter rinsing all parts with

ultrapure water

1 week treatment with 1:10 diluted HNO; (65 %, suprapur, Merck) , thereafter rinsing all parts with ultrapure

water

Drying of all parts in a clean room under a clean bench, US Class 100.

Packing of all parts in 2 polyethylene (PE) bags for storage

3.2 Sample collection and preparation

3.2.1  Reference material

Three reference materials were used to validate the quality of the ICP-TOF-MS as well as the ICP-Q-MS
measurements.

- SPS-SW1: Spectrapure Standards as, Reference Material for measurements of Elements in Surface Waters



- SLRS-4: National Research Council Canada, River Water Reference Materials for Trace Metals

- NIST 1640: National Institute for Standards and Technology, Trace Elements in Natural Water

Due to the expected REE concentrations in Antarctic ice the SPS-SW1 standard was diluted 1:100. REE from La
to Nd in SLRS-4 were analysed out of a 1:10 dilution, all other REE were analysed without any dilution. In

NIST1640 all REE concentrations were analysed using a 1:10 dilution.

3.2.2  Antarctic Ice Core samples

Within the EPICA a 2774.15 m long ice core (diameter: 98 mm) was drilled in a fluid filled hole at Kohnen
station (Dronning Maud Land (DML), Position: 75°00°S, 0°04’E) and a 3189.45 m long (diameter: 98 mm) was
drilled in a fluid filled hole at Dome C station (Position: 75°06’S, 123°21°E) [19-20]. For shipping and handling
the ice cores are cut in 1 m long sections at Kohnen station and 0.55 m long sections at Dome C station. One
section is called bag, they are consecutively numbered. 22 bags were chosen from each ice core for REE
analysis. Bags from Kohnen station cover the time from the last glacial / interglacial transition. The top of the
youngest bag was 5.78 kyr old and the bottom of the oldest ice core was 48.7 kyr old [21]. Instead the transition
between these two stages is not such good represented by Dome C ice core bags. The top of the youngest ice
core bag was 10.5 kyr old and the bottom of the oldest ice core was 21.5 kyr old [22]. During glacial times the
dust transport is expected to be 4 to 7 times higher compared to warm periods [23], which should also be
reflected in REE- and mineral dust components concentrations.

Each bag of an ice core is used for several ice core studies, therefore a section from the inner part of the ice core
was available for REE analysis. From the top of each bag 30 cm long sections were cut by a band saw and used
for further steps. The sample surface was decontaminated in a first step by sawing 1 c¢cm of the surface with a
band saw. The 30 cm long section was divided in three 10 cm long parts. Each part was rinsed with 1 to 2 L
ultrapure water for three times. In consequence of this procedure the weight of each part was reduced by 50 %.
The three 10 cm long parts of each section were placed in pre-cleaned high density polyethylene (HDPE) bottles
and melted at room temperature. Samples were dispersed by pivoting; aliquots were filled in polystyrene (PS)
CC-accuvettes and finally stored at -20 °C.

Under a clean bench (US-Class 100) which was situated in a clean room laboratory (US-Class 10,000) samples
were molten and transferred into pre-cleaned polyfluor alkoxy (PFA) vessels. The CC-accuvettes were rinsed
with 10 ml subboiled HNO; (1 Mol L) and added into the PFA vessels. Diluted samples were contentrated to
0.5 to 2 ml with a pressure digestion system (Druckaufschlusssystem DAS, Picotrace GmbH, Germany).
Afterwards samples were digested using 2 ml subboiled HNO; (distilled 65 %, p.a., Merck), 1 ml subboiled HF

(40 %, suprapur, Merck) and 2 ml H,0, (30 %, suprapur, Merck). Subsequently samples were concentrated to a



maximum volume of 1.75 mL. Detailed information about the concentration and digestion of samples is given as
supplementary material. Finally samples were quantitatively transferred into polypropylene (PP) vials, Rh was
added (final concentration 1 pg L™) and the samples were filled up to a volume of 2 ml with subboiled HNO; (1
Mol L7). Out of these 2 ml multielement analysis by ICP-TOF-MS, ICP-Q-MS and ICP-SF MS were
accomplished. Ten blank solutions have been processed in the same way to obtain information about the

digestion quality.

33 Instrumentations

The analytical measurements were conducted at AWI by ICP-TOF-MS (Analytik Jena, Jena, Germany) and ICP-
Q-MS (Elan 6000, Perkin Elmer/Sciex, Waltham, Massachussets). Analysis by ICP-SF-MS (Element2, Thermo
Finnigan MAT, Bremen, Germany) was done at DES. The experimental setup for the ICP-TOF-MS is shown
elsewhere [17]. The ICP-TOF-MS and the ICP-Q-MS were situated in clean room laboratories, US-Class
10,000; the ICP-SF-MS is equipped with a class 100 clean bench as a clean sample introduction area.

To minimize spectral interferences and oxide forming microflow nebulization systems with desolvating units
were used (Aridus II (for ICP-TOF-MS), MCN6000 (for ICP-Q-MS), Aridus I (for ICP-SF-MS); all: Cetac
Technologies, Omaha, Nebraska). These 3 systems were all equipped with a 100 pL. PFA nebulizer, a heated
PFA spray chamber, and a heated microporous PTFE membrane. Besides reducing the oxide formation the
signal intensities increased by a factor of about 10 compared to analysis with cross flow nebulisation as sample
introduction system for ICP-TOF-MS and ICP-Q-MS and by a factor of 5 for ICP-SF-MS. The instrument
settings were optimized daily and are given in Table 1. The oxide forming rates of all systems were optimized

daily by tuning with a Ce solution.

4 Results and discussion

4.1 Calibration studies, detection limits and blank contributions for the ICP-TOF-MS

External calibration was performed for quantification. Standards were prepared from 10 mg L™ stock solutions
with HNO;, Rh as internal standard and ultrapure water. Due to sensitivity drifts of the detector system three
calibrations were run per day. Calibration standards ranged from 1 ng L' to 500 ng L', 7 standards inclusive
blank, were analysed 10 times per calibration. Table 2 shows averaged calibration data from 5 calibrations, that
include the number of standards used for calibration, the slope with standard deviation (SD), the intercept with
SD, the standards error of replicate measurements (values for blank and 50 ng L ' are shown exemplarily), the

correlation coefficient (r*) and the instrumental detection limit (IDL, 3 o criteria). The tuned ICP-TOF-MS



system was very sensitive which is represented by an average slope of 1.9 (Table 2). A very low intercept was
obtained for all REE (average 4.6 x 10™*) except Ce which showed an average intercept of 25.7 x 10, Generally
the SD for the intercept is high (average 120 %). The calibration range was chosen according the expected
concentrations in Antarctic ice cores. The resulting correlation coefficients for REE are higher than 0.9992. No
IDL is inferior than 1 ng L. The linearity of calibration curves was checked by analysing standards with known
concentrations at the end of an analysis cycle.

Antarctic ice core samples were digested for analysis. Hence it is of importance to carefully look at the blank
contributions. 10 blank standards (2 ml HNO;, 1 ml HF, 2 ml H,0,) were digested parallel to the digestion of
natural samples. The REE concentrations were always found to be below the IDL except for La, Ce, Pr and Nd

(Table 2).

4.2  Accuracy and Precision of the ICP-TOF-MS and ICP-Q-MS

Three reference materials, SPS-SW1, SLRS-4 and NIST 1640, have been analysed. Certified REE
concentrations are only available for SPS-SW 1, each concentrations amounts 500 ng L. Table 3 summarizes all
REE concentrations obtained by ICP-TOF-MS, ICP-Q-MS, certified values for SPS-SW1 as well as literature
data available for SLRS-4 [24] and NIST 1640 [25]. For SPS-SW1 the recovery rate obtained by ICP-TOF-MS
studies amounts 103 + 8.4 % whereas the recovery rate for ICP-Q-MS amounts 104 = 12 %. Both MS systems
showed distinct differences for Dy. The recovery rate for La and Ce obtained by ICP-TOF-MS amounts 117%.
For the ICP-TOF-MS it is known that Ba concentrations exceeding 1 pg L™ influence the analysis of La and Ce.
SPS-SW1 contains 50 pg L' Ba, in a 1:100 dilution only 0.5 pg L™ This should not influence the analysis of La
and Ce, therefore we can not explain the reason for high recovery rates yet. SLRS-4 contains 12.2 ug L™ Ba but
La and Ce analysis are not as strong influenced as in SPS-SW1. REE concentrations of SLRS-4 obtained by
ICP-TOF-MS, ICP-Q-MS and literature data [24] fit very well (relative standard deviation (RSD) 7.6 + 4.4 %).
This good correlation could not be achieved for NIST 1640. The average RSD for all REE obtained by ICP-
TOF-MS, ICP-Q-MS and literature data [25] is 36 + 23 %. Higher concentrations obtained by ICP-TOF-MS can
be explained by high matrix load. NIST 1640 contains e.g. 29.4 mg L™ Na and 7 mg L™ Ca. The ICP-TOF-MS
works with a multi channel plate as detector system (MCP). Each time a channel has to process an incoming ion
this channel needs 10 ms to recover. The RSD of replicate analysis, representing the precision, is similar for both

MS systems. It amounts 4.1 % for ICP-TOF-MS analysis and 4.5 % for ICP-Q-MS analysis.



4.3 Interference studies

To exclude problems with spectral interferences in ICP-TOF-MS, for REE mainly represented by oxides, the
described desolvation unit was used. Nevertheless equations were compiled to calculate fractions of interfering
species. Formula 1 is an example to correct isobaric interferences of '**Nd by '**Ce. Spectral interferences by

oxides are considered by formula 2, as example the correction of the '*’Gd signal is shown.

142Ndm,,,=142Na’—M~140Ce 1)
88.48
95Gd.,,,, =" Gd —0.9967-%° La - MO™ 2)

Isobaric interference are present for isotopes '**Nd (***Ce, 11.08 %), "**Nd ("**Sm, 3.1 %) and '“Dy ("**Er, 1.61
%). For isotopes exceeding mass 155 corrections due to oxide forming has to be accomplished (formula 2).
Table S 1 shows analysed isotopes with its natural abundance and potential interefence species, which are taken
into account for evaluating ICP-TOF-MS data. Problems caused by polyatomic species including Ba can be
neglected due to high Ba®* forming rates 14.7 + 0.3 %. Where possible several isotopes of one element were
analysed to check the quality of the correction equations. The very good agreement of concentrations obtained
by two or more different isotopes suggests that, isobaric and spectroscopic interferences were eliminated or
rendered negligible.

Ba concentrations exceeding 1 pg L™ lead to high background signals (10 cps) in the ICP-TOF-MS on mass 139
(La) and 140 (Ce). Therefore, in the majority of cases, La and Ce concentrations were taken from diluted
samples.

Adequate equations are integrated within the evaluation system of the ICP-Q-MS. Interference studies of the

used ICP-SF-MS at DES are reported in [5].

4.4  Long term stability of the ICP-TOF-MS

200 measurements a 7 s integration time and 5.4 s relaxation time (X41.3 minutes) have been conducted for long
term stability tests of I[CP-TOF-MS. Several standards were tested and showed very convincing results. For
example the relative standard deviation (RSD) of Er, as it is the REE with lowest signal sensitivity, is: 12.9 %
for a blank standard, 11.7 % for a 1 ng L™ standard, 5.9 % for a 10 ng L' standard, 3.4 % for a 0.1 pg L’
standard, 1.0 % for a 0.5 ug L™ standard and 0.8 % for a 1 ug L' standard. This is in a good agreement with data
obtained by coupling the Aridus II to a Multi-Collector ICP-MS and analyzing a 0.5 pg L™ multielement solution

[26].



4.5  Concentrations in Antarctic ice core samples

Intercomparison studies between 3 different ICP-MS (2 different labs) should clarify the performance of the
ICP-TOF-MS, particular in terms of the analysis on ultra trace level. Due to the limitations of isotopes analysed
by ICP-Q-MS and ICP-SF-MS only concentrations of REE are available for all 3 devices.

Depending on the age of ice cores samples contain more or less mineral dust. During glacial periods the dust
transport into Antarctica increases, therefore REE concentrations are higher compared to interglacial periods
[23]. The authors report that the amount of dust and its source varies within the Antarctic. An overview of
average interglacial REE concentrations, glacial concentrations as well as the proportion of glacial / interglacial
is given in Table 4 for DML and EDC ice core samples. All concentrations of Antarctic samples represent
concentrations, which were obtained by calculations due to concentration after digestion and after subtracting
blank concentrations. Except few samples concentrations were higher then blank levels. Depending on the mass
spectrometry system used most concentrations are above the detection limit. If one of these two criteria fails the
sample is not being considered for the associated MS system. Minimum concentrations are observed during
warm periods whereas high REE concentrations are observed during glacial periods. On average the
concentration of REE concentrations during glacial periods is 8 + 3 times higher for DML ice core samples and 3
+ 1 times higher for EDC samples. This increase of dust transport during glacial periods compared to interglacial
periods is consistent with data obtained by [23]. [5] report about REE concentrations in Antarctic ice from Dome
C station. During interglacial stages they found lower concentrations compared to data reported here.
Concentrations during glacial stages fit very well. Perhaps contamination took place during sample preparation
which influences low concentrated samples much more than high concentrated samples. This does not have any
influence when comparing the three different MS systems.

Mainly depending on the concentrations of the samples, the results obtained by three different MS systems
coincide or differ from each other. As example Figure 1 shows exemplarily correlation diagrams (ICP-Q-MS vs
ICP-TOF-MS, ICP-SF-MS vs ICP-TOF-MS, ICP-SF-MS vs ICP-Q-MS) for Ce, Dy and Lu. These elements
were chosen as they represent light, middle and heavy REE. Correlation diagrams of all REE are shown in the
supplementary material section (Figure S 2). For the linear fit function the errors of each REE were taken as
weighing parameter. 12 samples analysed by ICP-TOF-MS show distinct different concentrations compared to
the other two MS systems which can not be explained yet. These samples are symbolized as grey dots with their
standard deviation (SD) in the correlation diagrams ICP-Q-MS vs ICP-TOF-MS and ICP-SF-MS vs ICP-TOF-

MS. They are ignored for linear fit studies. All other samples are marked as black dots with SD.



In general the SD obtained by ICP-Q-MS is much higher compared to the other two MS systems. ICP-Q-MS
data fit very well to ICP-SF-data with slightly higher concentrations obtained by ICP-Q-MS. The ICP-TOF-MS
system obtains higher concentrations for nearly all REE compared to the other two systems. The higher the
concentrations are, the better the correlation between the three systems is. For the presented ICP-TOF-MS
system one can say, as long as the REE concentrations of a sample amounts 4 ng L™ the correlation with ICP-Q-

MS and ICP-SF-MS is very good. Below that concentration results have to be looked at carefully.

5 Conclusions

Analysis of reference materials showed that the used ICP-TOF-MS is best suitable for the determination of trace
element concentration as long as the concentrations amount 1 ng L™ to 250 ng L. Within this concentration
range the accuracy and precision is very good (recovery rate 103 %, RSD of replicate analysis 4.1 %).
Intercomparison studies between three different types of mass spectrometers showed that the ICP-TOF-MS is
able to detect trace elements in the sub ng L' range with the tendence to find higher concentrations than other
MS systems. If analysed concentrations are below 4 ng L™ the accuracy of the ICP-TOF-MS gets worse, but the
distribution pattern of concentrations of different samples is similar. Therefore, trace element concentration
patterns obtained by ICP-TOF-MS can be used for interpreting signal progressions covering long time periods in
ice cores from remote areas like Antartica.

Until now there is no literature available on the investigation of such low element concentrations with ICP-TOF-
MS. This indicates that the presented ICP-TOF-MS is much more sensitive compared to other devices.
Improvements could be achieved by further preconcentration of the samples before analysis. Further a different
generator system for the inductively coupled plasma system will stabilize the plasma and reduces the oxide

forming rate.
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Figure 1: Analysed Ce, Dy and Lu concentrations in Antarctic ice core samples diagrammed as ICP-Q-MS
concentrations vs ICP-TOF-MS concentrations, ICP-SF-MS concentrations vs ICP-TOF-MS concentrations and
ICP-SF-MS concentrations vs ICP-Q-MS concentrations with associated parameters of a linear fit (a = slope, b
= intercept). Errors of each measurement were taken as weighing parameter. Samples presented as grey dots

are expected to be analysed wrong by ICP-TOF-MS and are therefore not included in linear fit calculations.



Table 1: Instrumental conditions and measurement parameters for the ICP-TOF-MS, ICP-Q-MS and ICP-SF-

MS and desolvation units.

ICP-TOF-MS ICP-Q-MS ICP-SF-MS
(Analytik Jena) (Elan 6000, PE) (Element 2, Finnigan)

ICP-MS
RF Power /W 1050 1350 1250
Plasma gas / L min™ 14.5 15 15.5
Auxiliary gas / L min” 1.4 0.8 1.8
Nebulizer gas / L min™ 0.98 0.62 0.8-1.1
resolution adopted (m Am™) 700 300 ~400
Nebulizer (with desolvatisation) Aridus 11 MCN 6000 Aridus I
Sweep gas / L min” 4.6-50 2.35 3.40-4.15
Nitrogen / mL min™ 21-22 12 1-18
T (spray chamber) / °C 110 110 95
T (desolvating unit) / °C 160 160 175
Sample uptake / ul min™ 160 100 100
Data aquisition
Isotopes analysed All ~40 19
Replicates 6 3 40
Integration time / s 7 0.1 (each isotope)
Sweeps 175000 20 30
Measuring time per sample / min 1.5 7
Oxides / % 02-05 0.03
Double charged ions / % 14 -15 5-7




Table 2: ICP-TOF-MS calibration data for the investigations of reference materials and intercomparison
samples. The slope with its SD, the intercept with its SD, standard errors for two different calibration standards,
the correlation coefficient (’) and the instrumental detection limit (IDL) are given. Values were calculated on

the basis of 5 different calibrations. Each standard was analysed 10 times per calibration.

No. Of standard error y conc. digested
data points | slope + SD | intercept (x10*) + SD (x10™) | Blank (x10®) 50 ng L" (x10) * |IDL/ngL"|acid blanks /ng L

La 6 2.04 + 0.09 3.02 + 7.43 138 6.43 0.9997 0.6 0.9 + 0.03
Ce 7 1.80 #* 0.07 2573 + 3.59 1.62 6.51 0.9999 0.9 3.4 + 0.06
Pr 6 231 + 0.09 6.43 + 9.06 1.29 7.03 0.9996 0.5 0.7 + 0.01
Nd 5 2.10 + 0.08 5.68 + 831 1.58 7.29 0.9992 0.7 1.9 + 0.06
Sm 6 1.28 + 0.05 474 + 378 1.34 4.64 0.9993 1.0 0.4 + 0.04
Eu 5 231 + 0.09 456 + 6.37 1.43 7.13 0.9993 0.6 0.1 + 0.01
Gd 5 1.64 + 0.06 454 + 545 1.57 5.84 0.9994 0.9 0.5 + 0.03
Tb 6 234 + 0.06 4.07 + 5.90 0.81 7.68 0.9998 0.3 0.1 + 0.01
Dy 5 1.64 + 0.05 530 + 3.84 1.40 5.11 0.9996 0.8 0.7 + 0.01
Ho 5 221 + 0.07 202 + 4.12 0.90 6.42 0.9996 0.4 0.1 + 0.01
Er 5 130 + 0.06 278 + 2.72 1.09 4.82 0.9997 0.8 0.3 + 0.02
Tm 5 221 + 0.08 347 £ 479 0.72 7.11 0.9995 0.3 0.1 + 0.01
Yb 5 1.84 + 0.06 6.11 + 6.35 1.36 5.54 0.9992 0.7 0.6 + 0.04
Lu 6 2.02 + 0.08 7.15 + 3.68 0.84 5.85 0.9998 0.4 0.2 + 0.00




Table 3: REE Concentrations in ng L™ with SD in reference materials SPS-SW1, SLRS-4 and NIST 1640
obtained by ICP-TOF-MS and ICP-Q-MS. Recovery rates for reference material SPS-SW1 are shown in
brackets below the concentrations obtained by ICP-TOF-MS and ICP-Q-MS. Concentrations of reference
materials SPS-SW1 were derived by analysing a 1:100 dilution. REE from La to Nd in SLRS-4 were analysed
out of a 1:10 dilution, all other REE were analysed without any dilution. In NIST1640 all REE concentrations

were analysed using a 1:10 dilution.

SPS-SW1 SLRS-4 NIST 1640
certified ICP-TOF-MS ICP-Q-MS ICP-TOF-MS ICP-Q-MS reference [24] ICP-TOF-MS ICP-Q-MS reference [25]
La | 500+ 10 586 + 10 495 + 13 304 +4.3 279 £3.6 287 +7.2 706 + 8.8 299 +7.0 420
(117.3) (84.4)
Ce [ 500 10 581 +£22 516 +8 411 123 361 +1.8 360 = 10.9 553 +£9.9 350 £5.7 520
(116.1) (88.9)
Pr | 500+ 10 516 £17 510 £6 77 £0.7 67 £ 1.6 69 + 1.7 200 + 3.8 72 +39 76
(103.2) (98.7)
Nd [ 500 + 10 505 +37 510 £6 260 +9.9 264 +8.5 269 +12.8 499 + 134 391 +£39.6 350
(101.1) (100.9)
Sm [ 500 + 10 497 £ 17 497 £ 1 64 +1.5 57 +£2.0 57 +2.5 182 £6.8 103 £7.1 72
(99.4) (100.0)
Eu | 500 +10 497 + 14 5106 12 +£0.3 11 +1.0 8 +0.5 40 £ 1.6 46 +3.7 10
(99.4) (102.7)
Gd | 500 =10 490 £ 10 513+£6 37+13 41 £2.8 34 +1.8 65+79 53 +2.38 65
(98.0) (104.7)
Tb | 500 +10 482 £ 13 506 £5 4+£02 5+04 4+03 11+1.5 1+0.6 2
(96.3) (105.0)
Dy [ 500 + 10 603 £5 852 + 16 22 +1.9 24 +0.3 24 +14 49 +3.7 36 £4.2 21
(120.7) (141.2)
Ho | 500 +10 486 £ 17 519 £ 10 5+02 4+04 5+03 13+0.8 6
(97.3) (106.7)
Er [ 500 £ 10 461 + 36 498 +4 12+04 15+0.6 13 £0.5 31 +£26 32+25 16
(92.2) (108.1)
Tm | 500 =10 490 + 20 510 £4 2+0.1 2+0.2 2+0.1 0.4
(98.0) (104.1)
Yb | 500 =10 503 +28 503 £13 11 +£0.7 11 +£0.5 12+£03 23 +£32 11+2.1 8
(100.7) (99.9)
Lu| 50010 490 + 22 517 £2 3+0.1 2+0.2 2+0.1 2+1.0 1
(98.1) (105.4)




Table 4: Summary of average concentrations of analysed REE via ICP-SF-MS during interglacial and glacial
periods for DML ice core samples and EDC ice core samples. Additionally the proportion of glacial /

interglacial concentrations is given.

DML ice core samples EDC ice core samples
glacial / glacial /
interglacial glacial interglacial interglacial glacial interglacial
La 42 + 21 527 + 438 12.6 50 £ 6.6 163 + 58 33
Ce 94 £+ 54 101.2 + 725 10.7 98 £ 115 336 + 11.7 3.4
Pr 1.3 = 038 16.8 += 177 12.8 1.3 =+ 53 45 + 1.6 3.5
Nd 219 + 66.1 538 + 557 2.5 39 £ 6.0 153 + 52 3.9
Sm 1.0 =+ 05 122 = 121 12.0 09 =+ 52 38 = 1.3 42
Eu 04 =+ 03 32 £ 31 8.2 05 =+ 56 09 <+ 03 1.9
Gd 1.0 = 07 100 += 9.8 10.1 08 =+ 5.1 34 £+ 1.1 4.1
Tb 03 =+ 03 1.7 + 1.6 6.2 02 £ 55 05 + 02 22
Dy 1.8 = 34 92 £ 9.0 53 08 =+ 438 30 £ 1.0 3.9
Ho 03 =+ 03 19 =+ 1.8 6.8 02 £ 52 06 =+ 02 2.5
Er 05 £ 04 53 £ 5.0 10.0 05 =+ 438 1.8 = 06 3.7
Tm 02 + 03 09 <+ 038 4.0 02 =+ 53 03 + 0.1 1.7
Yb 05 =+ 04 52 £ 49 9.9 05 =+ 47 1.7 £ 0.6 3.5
Lu 02 =+ 03 09 £ 038 4.1 02 =+ 55 03 + 0.1 1.6




8 Supplementary Material

Digestion of samples: Druckaufschluss-System DAS, Picotrace GmbH, Germany

Figure S 1: left: Experimental setup for preconcentration of liquid samples before the addition of acids and

after acid digestion. Right: Experimental setup for the acid digestion of Antarctic ice core samples.

Concentration of samples before digestion

Programme heating plate time / hours command Temperature [°C]

concentration bottom plate 2 heat up to 160

112 keep constant on 160

upper plate 1.20° heat up to 110

1.30° keep constant on 110

1 keep constant on 90

Digestion

Programme heating plate time / hours command Temperature [°C]

digestion bottom plate 1 heat up to 100

5 keep constant on 100

1 heat up to 120

2 keep constant on 120

1 heat up to 140

2 keep constant on 140

1 heat up to 160

2 keep constant on 160

1 heat up to 180

4 keep constant on 180

2 heat up to 210

7 keep constant on 210

2 170

2 160

1.30° 140

Concentration of samples after digestion

Programme heating plate time / hours command Temperature [°C]

concentration bottom plate 2 heat up to 160

0.32° keep constant on 160

oben 1.20° heat up to 110

1.30° keep constant on 110

1 keep constant on 90




Table S 1: Analysed isotopes with its natural abundance and potential interefence species, which are taken into

account for evaluating ICP-TOF-MS data.

Analyte Potential Interferences

Isotope  Abundance Species Abundance®
L a 99.91

0Ce 88.48

4py 100

INd 27.13 2Ce 11.08
"Nd 12.18

Nd 23.8 *Sm 3.1
3Nd 8.3

1oNd 17.19

479m 15

9Sm 13.8

B28m 26.7

BlEy 47.8

gy 522

5G4 14.8 9La'°0 99.67
%Gd 20.47 ce'0 88.26
1G4 15.65 4pro 99.76
8Gd 24.84 2Nd'°0 27.09

2ce'0 11.05
9Tp 100 Nd'°0 12.15
“py 18.9 "Nd'°0 8.28
py 24.9 *Sm'%0 14.96
%Dy 28.2 *¥Sm'°0 11.27
¥Nd'0 5.75
19gy 1.61

Ho 100 5m'%0 13.77
gy 33.6 'Nd'"0 5.63
gy 22.95 BSIEu'®o 47.69
198Ey 26.8 28m'°0 26.64
"Tm 100 YEu'%0 52.07
"yp 143 3G4d'°0 14.76
"yb 21.9 1%Gd'°0 20.42
yp 16.12 ¥7Gd'0 15.61
*Yb 31.8 8Gd'°0 24.78
Ly 100 7p'°0 99.76

*For polyatomic species calculated as the product of
the natural abundances of each isotope divided by
100
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are expected to be wrong analysed by ICP-TOF-MS and are therefore not included in linear fit calculations.
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Abstract

To improve quantitative interpretation of ice core aeolian dust records, a systematic
methodological comparison was made. This involved methods for water-insoluble particle
counting (Coulter Counter and laser-sensing particle detector), soluble ion analysis (ion
chromatography, and continuous flow analysis), elemental analysis (inductively coupled
plasma mass spectroscopy at pH 1 and after full acid digestion), and water-insoluble
elemental analysis (proton induced X-ray emission). Antarctic ice core samples covering the
last deglaciation from the EPICA Dome C (EDC) and the EPICA Dronning Maud Land
(EDML) cores were used. All methods correlate very well amongst each other, but the ratios
of glacial age to Holocene concentrations, which are typically a factor ~100, differ between
the methods by up to a factor of 2 with insoluble particles showing the largest variability. The
recovery of ICP-MS measurements depends on the digestion method and is different for
different elements and during different climatic periods. EDC and EDML samples have
similar dust composition, which suggests a common dust source or a common mixture of
sources for the two sites. The analysed samples further reveal a change of dust composition

during the last deglaciation.



1. Introduction

Mineral dust aerosol is an important part of the climate system (/-3). Apart from sea salt it is
the most abundant primary aerosol and influences the radiative energy budget of the
atmosphere (4). Aeolian mineral dust can enhance primary marine bioproductivity (5) and can
be important for pedogenesis in remote land areas (6). To understand the climate changes of
the past it is therefore necessary to have an accurate quantitative reconstruction of the past
atmospheric dust load and aeolian dust fluxes. Projects dedicated to this, such as DIRTMAP
(7), rely on modelling studies and on dust accumulation data from environmental archives.
Although most ice cores come from polar regions — which invokes complex transport
processes from the mid-latitude sources to high-latitude sites — they have a central role as dust
archives because the dust is stored in the simple matrix of ultrapure water and because they

offer excellent time control and temporal resolution.

The most common proxies for dust in ice cores are insoluble particle concentration, e.g. (8-
13), and Ca®" ion concentration, e.g. (/4-18). These have been complemented over recent
years by a large suite of other proxies with multiple measurement techniques for the soluble
and insoluble fraction of the mineral dust aerosol. However, the term “dust” is often used
without exactly specifying the proxy considered, and it is largely unknown how the different

proxies relate quantitatively to each other, particularly under changing climatic conditions.

The objective of this paper is to present a systematic comparison of different proxies and
measurement techniques for mineral dust in ice cores. All techniques investigated use melted
samples; thus techniques based on light scattering on solid ice (/9, 20) are omitted. The use of
certified dust samples proved inappropriate because their size distribution, shape, optical
properties, mineralogy and elemental composition differ significantly from aeolian dust
accumulated in polar ice cores. Instead, real ice core samples were used from the two deep
drilling sites of the European Project for Ice Coring in Antarctica (EPICA): EPICA Dome C
(EDC) (21) and EPICA Dronning Maud Land (EDML) (22). Each set of some 20 samples
spans the last glacial termination (Fig. 1), which took place approximately 10-20 ka BP
(thousand years before the present). Thus, the samples cover the full range from low dust
concentrations in the Holocene to high dust concentrations during the Last Glacial Maximum
(LGM) and can also capture possible changes of dust composition over this important
climatic transition. Methodological results from this study are expected to apply also to other

ice cores from Antarctica or Greenland.



2. Methods

Ice samples were decontaminated by three repeated washings in ultra-pure water (Millipore).
The initial weight of each sample was about 200 g, and the mass loss during decontamination
was ~50%. The decontaminated samples were melted at room temperature in pre-washed
LDPE bottles. Once melted, the samples were gently agitated for homogenization and then
partitioned into individual vials (polystyrene Coulter-Counter accuvettes, pre-cleaned using
ultra-pure water) for the different analyses. Repeated checks show that the dust concentration
difference between the first and the last aliquots is typically around the level of measurement-
reproducibility, i.e. the aliquots provided for the different analyses should be comparable.
Exceptionally larger differences (up to 50%) were observed, probably due to contamination of
selected aliquots. The washing and partitioning was performed in a class 100 laminar flow
bench situated inside a class 1000 clean laboratory. The samples dedicated to insoluble
particle analyses were analysed promptly after melting; all other samples were refrozen within
several hours, shipped frozen to the respective laboratories, and kept at -20°C. The samples

were then prepared for the respective analyses (Table 1) as described hereafter.

2.1 Insoluble particles — Coulter Counter (CC)

For Coulter Counter (CC) analysis an electrolyte (NaCl) is added to the sample, which then is
pumped through a small orifice. The electrical conductance is measured across the orifice.
Particles flowing through the orifice reduce the conductance, from which the total volume of
each microparticle is directly estimated. A Multisizer Ile (Beckmann-Coulter) set up in the
clean room of LGGE was used with a 50 pm orifice, allowing measurement of particles with
diameters between 0.7 and 20 pm (256 size channels). Procedures are described elsewhere
(11, 23). Size calibration was achieved via a certified standard of spherical latex particles
(Beckman-Coulter). Each sample was measured three times with 0.5 mL sample volume per
measurement. For calculation of the microparticle mass an average mineral density of 2.5

3
g/cm” was assumed.

2.2 Insoluble particles — Laser-sensing Particle Detector (LPD)

A field-portable laser-based detection system LDS 23/25 (Klotz) was used, which was
developed in cooperation with the University of Heidelberg (24). The liquid sample is



pumped through a detection cell, where the attenuation of transmitted light (680 nm) is
measured for each particle (32 channels). Conversion of this signal to particle size is difficult
because complex scattering processes occur. Size assignment was obtained by a posteriori
alignment of the LPD size spectra to the CC size spectra (Ruth et al., in preparation). Using
this procedure, a lower particle detection limit of 1.04 um diameter was found. The particle
mass below this limit was estimated from a log-normal fit to the data (25) assuming a single-
mode distribution. Each sample was measured three times with 2 mL per measurement. A

mean density of 2.5 g/cm’ was used to convert particle volume to mass.

2.3 Soluble Calcium — Ion Chromatography (I1C)

Ion chromatography (IC) is a commercially available method to quantify soluble major ion
concentrations and is well-established for measurement of Ca®" in ice cores (17, 18, 26). A
sample loop of 1 mL was used with Dionex CG12A and CS12A guard and separation
columns in an isocratic run using methanesulfonate eluent (20mM); low background
conductivity and noise was accomplished using autosuppression (Dionex CSRS Ultra II).
Standardization was achieved by use of cation solutions of certified concentrations. The error
for Ca®" concentration is strongly dependent on the blank contribution and variability
(typically 11 ppb (1 ppb = 1 pg/kg)). With this blank variability, the reproducibility is better
than 10 % for concentrations larger than 20 ppb (i.e. samples from LGM) but increases to
+100 % for concentrations of 1 ppb (i.e. samples from the Holocene). Each sample was

measured once with 3 mL per sample.

2.4 Soluble Calcium — Continuous Flow Analysis (CFA) fluorimetry

CFA is an established technique for continuous measurement of selected ion concentrations at
high spatial resolution in ice cores (27). The analytical method (28) to quantify soluble Ca**
ion concentrations was adapted at the University of Bern for CFA use (29). In a continuous
flow reactor Ca®" was converted at pH 7 to a fluorescent complex. The concentration was
deduced from the fluorescence intensity, which was measured by a custom-made
spectrometer at 495 nm wavelength. Standardization was achieved by use of certified Ca**-
solutions. The method has a detection limit of 0.1 ppb. Typically, the sample water is
obtained continuously from an ice-core melting device, but for this study discrete samples

were injected into the system. Each sample was measured once with ~5 mL per sample.



2.5 Elemental concentrations — Inductively Coupled Plasma Mass Spectrometry

The samples for Inductively Coupled Plasma Mass Spectrometry (ICP-MS) were subdivided
at the University of Venice to compare two different sample preparation methods. For
determination of the “acid-leachable” fractions the samples were melted and acidified to pH 1
with ultrapure nitric acid (Romil) 24 hours prior to the analysis. For determination of the total
content the samples underwent an acid digestion for complete dissolution: to 1 mL of melted
sample were added about 0.3 mL of HNO; and 0.3 mL of HF (both ultrapure, Romil) with
subsequent microwave irradiation in a PTFE pressure bomb. Procedural blanks were prepared
to check for contamination and values were subtracted from the measured sample
concentrations. Sector field ICP-MS (Element2, Thermo Finnigan) (30, 31) analyses were
performed for aluminum (*’Al), vanadium (*'V), iron (*°Fe) and other trace elements at
medium resolution (m/Am=4000) allowing for separation of major interferences for Fe such
as Ar'%0. Standardization was achieved using HNOs-acidified and digested dilutions,

respectively, of a multi-element standard (Merck) (32).

2.6 Insoluble element concentrations — Proton Induced X-ray Emission (PIXE)

PIXE is an X-ray spectrometry technique based on primary ionization of the inner shells of a
target atom by an impinging proton beam. The production of characteristic X-rays allows for
highly sensitive bulk dust analysis of elements with atomic numbers ranging from 11 (Na) to
92 (U) (33). For analysis of Antarctic ice dust at very low concentrations, PIXE is able to
measure Na, Mg, Al, Si, K, Ca, Ti, Mn and Fe with analytical detection limits <1 ppb. PIXE
targets were prepared directly by filtering each melted sample through a polycarbonate
membrane (Nuclepore, pore size 0.45 pm) without pre-treatment such as acidification or
precipitation (34). Sample preparation was performed inside a class 100 laminar-flow bench
inside a clean laboratory at the University of Milano-Bicocca. Procedural blanks were
prepared by filtration of ultrapure water following identical procedures. The PIXE analyses
were carried out at the 2 MeV AN2000 accelerator at the National Laboratories of Legnaro
(Padova) (34-36). One target was prepared from each sample with sample volumes from 7 to

50 mL.



3. Results: Methodological Comparison

In total, more than 50 different species related to mineral dust were measured, but only the
most relevant ones are discussed here. In this section, an overview of the results is given first
followed by selected comparisons. Most plots shown are logarithmic scatter plots. Linear
regression lines calculated from the logarithms of the data are also shown: EDML and EDC
data combined (black, continuous line), EDC data only (red, dashed line) and EDML data
only (blue, dotted line). Additionally, in the scatter plots some statistical measures are given;
they are evaluated for the combined sets of EDML and EDC data: Ry, is the correlation
coefficient R calculated from the logarithms of the data. c;,, is the slope of the linear
regression line calculated from the logarithms of the data; a slope # 1 means that the y/x-ratio
changes with concentration; the values given correspond to the slopes of the black regression
lines. median-ratio is the median of all ratios y; /x;, where y; is the species of the y-axis and x;
is the species of the x-axis for every data point i; median-ratio gives the typical ratio of the y-
parameter to the x-parameter. re/-gain is the relative concentration increase of the y-parameter
for an increase of the x-parameter by a factor /=100; this is a measure of the sensitivity of the
y-parameter to changes of the x-parameter in linear space. rel-gain = 0.5 means that for a 100-
fold increase of the x-parameter the y-parameter increases by 50. Note that re/-gain = fc—log’l) ,

1.e. rel-gain does not transform linearly for factors /#100.

3.1 Overview of most important proxies and methods

Figure 2 shows a comprehensive overview of scatter plots for different species. For purposes
of comparability, they are all plotted against a common reference, for which insoluble particle
concentrations (from CC) are chosen. The dust concentration in the EDML-samples is
typically 2-3 times that of EDC-samples. Insoluble particles exhibit the largest concentration
variance of all species shown; the ratio between highest glacial and lowest Holocene particle
concentration is about 200 (119 for EDC and 337 for EDML for the particular sets of samples
from this study). All chemical species exhibit a good correlation with insoluble particles,
typically Rj,; > 0.9. However, cjoq is > 0.8, and rel-gain > 0.5 for most species, which means
that the y/x-ratio is up to a factor of 2 lower at high than at low concentrations. This indicates
considerable changes in dust composition or detection between the climate regimes. Thus, a
quantitative reconstruction of dust deposition fluxes will depend on the particular choice of

the parameter.



3.2 Insoluble Particles

The comparison of LPD vs. CC data of insoluble particle mass concentrations is shown in
Figure 2a. While the CC is an established technique for measurement of discrete samples (10,
11), the LPD is a novel ice core method that is capable of CFA operation (25). The data have
a very high correlation (R;,g=1.00); and the c;, of 0.96 is very close to 1. Good
correspondence (R;,,=1.00 and ¢, = 0.92) is found also between the respective number
concentrations (data not shown). The very low scatter of the data suggests that the LPD is a
reliable method to quantify variations of insoluble particle concentrations in ice cores; this is
not a consequence of using CC data for the size calibration of the LPD because changes of
mass concentration are caused primarily by changes of particle numbers and not of particle
size. The median-ratio of 0.90 and the rel-gain of 0.82 show, however that the LPD does not
fully reproduce the large variance of the CC data; this may possibly result from coincidence-
losses (a particle passing while the detector is still busy evaluating the previous particle),
which are compensated for in the CC but not in the LPD. Altogether, the LPD vs. CC plots
show the smallest amount of scatter, which presumably is the consequence of the two

methods both counting particles and also of the high precision of both methods.

3.3 Soluble Calcium

Unfortunately, there is evidence for possible analytical shortcomings regarding the
determination of Ca®" in this particular study. Part of the early Holocene samples from this
study showed unrealistically high Ca*" concentrations when compared to the exhaustive
profiles available from EDC (/7) and EDML (/8) and were therefore excluded from the data
set. This applied to IC- as well as CFA data. In addition, the low rel-gain for Ca*" reported
here (see below) is not in agreement with previous data for EDC (/7, 21) and EDML (18, 22),
where similar factors were found for insoluble particles and Ca®". Thus, this section should be

viewed with caution as there may be unidentified analytical problems for low concentrations.

Figures 2b and 2e show the total Ca”" and the nssCa®" (non-sea-salt, see section 4.2) ion
concentrations vs. insoluble particles. The correlation is high (R=0.96 for each); but the cj,g of

only 0.61 and 0.69 and the rel-gain of only 0.16 and 0.24, respectively, are unexpectedly low.



A methodological comparison for IC measurements and CFA measurements is shown in
Figure 3. The methods show a good correspondence with R;,, = 0.96, median-ratio = 1.13, ¢y
= 1.03 and rel-gain = 1.13. This confirms good results from earlier comparisons (26), possibly

with a higher scatter for IC measurements due to a higher blank contribution.

3.4 ICP-MS: acidification to pH 1 vs. full digestion

Comparing elemental concentrations measured by ICP-MS to insoluble particle
concentrations (Figure 2), Rj, are all very high (0.93 — 0.96). ¢, ranges from 0.83 (Al-
HNO:s3) to 0.93 (V-HNO3). Vanadium (V) shows the best rel-gain (0.72). This confirms that V

is a good proxy of Antarctic dust as there are no other sources even during interglacial periods

(37).

The method of sample preparation has a large influence on the results obtained from ICP-MS
measurements. A full acid digestion is expected to yield total element concentrations; but this
method poses a significantly larger risk of contamination than an acidification to pH 1 using
ultra-pure HNOs. In Figure 4 results obtained with these two sample preparation methods are
compared for the major crustal elements Fe and Al. The correlation is generally good; but
there is considerably larger variability for the early Holocene samples. For the species shown
this higher variability is not a problem of detection limit or blank, nor a statistical
consequence of smaller concentrations; instead, it points to enhanced compositional variations

possibly related to variations of mineral identity of the dust during the Holocene.

By assuming 100 % recovery for full acid digestion, the recovery of the pH 1 acidification
can be quantified. This is found to vary between climatic periods. For the early Holocene
samples the recovery is ~30% (Fe), and 45% (Al) with large scatter; for the late glacial
samples the recovery is ~55% (Fe) and 40% (Al). This confirms earlier findings of a 30-65 %
recovery for Fe (32). The recovery at pH 1 is least variable for Al, which should therefore be
the preferred reference element when assessing variations of terrestrial enrichment factors
from pH 1 digested samples. Unfortunately, blank problems in the full acid digested samples

prevent a check on the robustness of the recovery rate for V at pH 1.



3.5 PIXE

Comparing elemental concentrations measured by PIXE to insoluble particle concentrations
(Figure 2) Ry, ranges from 0.92 (Al) to 0.97 (Si, Fe) with ¢;,, from 0.8 (Ca) to 0.97 (Si). For
Ca (Figure 2¢) low concentration data give a different ratio between the two methods for EDC

and EDML; however, concentrations are close to the detection limit.

PIXE measures the elemental composition of water-insoluble dust after filtration. By
assuming 100 % filtration efficiency for PIXE and 100 % recovery for ICP-MS measurements
(full acid digestion), the elements Fe and Al can be attributed to a water-insoluble fraction and

a soluble residual. In Figure 5 results obtained with the two methods are compared.

For Fe a very good log-correlation is found (Rj,e =0.95) with ¢;o, =1.0. The median-ratio is
0.76, suggesting that ~25% of the Fe is water-soluble. This ratio does not change between
glacial times and early Holocene. The upper limit for the fraction of bio-available iron, which
still depends on the oxidation state, would thus be ~25%, which is larger by a factor 5-10 than
the values typically used in models for simulating the effect of iron-fertilization in the

Southern Ocean (38-40).

For Al the insoluble fraction amounts to ~100 %. However, early Holocene samples show a
large scatter (especially for EDC-samples) with PIXE concentrations exceeding the ICP-MS
concentrations. This may be caused by analytical uncertainties with the ICP-MS full acid

digestion method in this case.

A comparison between CFA-Ca (Figure 2b, mean concentration ~10 ppb) and PIXE-Ca
(Figure 2¢, mean concentration ~1 ppb) suggests that ~ 90 % Ca is present in soluble form

while only 10 % are water-insoluble; this confirms and quantifies earlier findings (3, 15, 35).

4. Discussion of dust composition

The most noticeable observation from Figures 2-5 is that no obvious systematic differences
occur between EDC and EDML samples. In all scatter plots shown the samples from EDC
and EDML overlap strongly and do not fall into separate groups. An exception is PIXE-Ca

data during early Holocene, however, values are close to the detection limit and thus



questionable. This suggests that the dust composition is geochemically very similar at the two
sites and that they likely receive dust from a common dust source or the same mixture of

sources as has been suggested also for other locations (47).

The mean composition of the insoluble dust can be characterized by referring elemental
concentrations determined by PIXE to the total particle mass from CC. This yields mean
ratios of approximately 0.26 (Si), 0.08 (Al), and 0.05 (Fe), which deviate only slightly from
the mean composition of upper continental crust of 0.30 (Si), 0.08 (Al), and 0.03 (Fe) (42).
Detailed compositional investigations should be made using material from potential dust

sources and focussing on fractionation during uptake, atmospheric transport and dissolution.

Although the mean composition for Si, Al, Fe and Ca as referenced to CC insoluble particle
mass give reasonable results similar to crustal averages, the rel-gain is always below 1. This
could imply that either the dust is depleted in these elements at high or enriched at low
concentrations, possibly resulting from fractionation during transport. Alternatively, there

could be analytical issues, and further work is needed to clarify this issue.

4.1 Terrestrial vs. marine contributions to Ca>" and Na*

Ca’" and Na* contain soluble terrestrial contributions from mineral dust and marine
contributions from sea salt. To evaluate these contributions separately the respective mass
ratios (Na/Ca)sosquse Of soluble Na' and Ca®" from mineral dust and (Na/Ca),s from sea salt
aerosol must be known. (Na/Ca),, ranges between 23 (brine rejected during sea ice formation
(43)) and 26 (bulk sea water (44)). However, (Na/Ca)so4us: 1 far more variable and less well

known.

The apportionment of Ca®" into a “non sea salt” fraction (nssCa) and a “sea salt” fraction
(ssCa) often considers (Na/Ca)gosaust = 0.56 (e.g. (3, 45)), which corresponds to the total (not
only soluble) elemental composition of mean continental crust (44). Alternatively, total
element ratios for upper continental crust could be used (Na/Ca=0.87) (42) ; and from high-
resolution ice core data (Na/Ca)seause = 0.94+0.07 is suggested (46). Here we take another
complementary approach based on linking insoluble dust, Ca’" and Na" concentrations. The
following equations are considered: [Ca2+] = [Cag] + [Cagordust] = o [Na] + a [CC], where a
= (Na/Ca)s; is chosen to be 26 (o = 23 gives the same results for b), a = [Cayoaus] / [CC], and
[CC] is the insoluble particle mass concentration. Further, [Na+] = [Nay] + [Nagosdus]] = [Nags]



+ ab [CC], where b = (Na/Ca)sorqus: 1S the parameter of interest. Parameter optimization yields
b =0.91+£0.2 (a = 0.085) for all samples from this study [6 = 1.05 (a = 0.057) for samples
dated older than 16 ka BP to circumvent potential problems with Holocene Ca*" data, and b =
0.83 (a = 0.092) for samples dated younger than 16 ka BP]. Thus, we suggest an average of
(Na/Ca)yorduse = 0.91+0.2 by mass, which is in good agreement with (46).

4.2 Temporal changes of dust composition

Compositional changes of the ice core dust over time can be identified by calculating ratios
between different dust-related parameters on identical ice-core samples. Figure 6 shows time
series of selected ratios on the common EDMLI/EDC3 time scale (47, 48): the recovery of
ICP-MS measurements for sample preparation at pH 1 for Fe and Al, the Fe/Al ratio at pH 1,
and the element ratios Si/Al and K/Al from PIXE. It is clearly noticeable that a regime-shift
happens during the deglaciation. The sample-to-sample variability of the ratios is much higher
for the early Holocene samples than for the late glacial samples. Also, the average recovery of
acidified samples (pH 1) measured by ICP-MS changes during the deglaciation, albeit less
prominently. Further, the insoluble elemental composition of the dust (PIXE) shifts to

relatively more Al, less Si and less K.

A change in dust mineralogy during the last deglaciation is consistent with other observations:
A similar shift to less K and more Ca in the Taylor Dome ice core (49), and a difference of
Nd and Sr isotope ratios at EDC (50) and a change of Li solubility at EDC (57). This regime
shift dates between ~16.5 and ~15.0 ka BP from our data. It suggests that either the
characteristics of the dust source changes (e.g. soil development), or there is a change in the
relative contributions of different sources (e.g. transport changes). The overlap of EDC and
EDML samples indicates that even at times of higher variability there are no distinct sources
and transport paths to the two ice core sites. Thus, the controlling factors for dust
concentrations on the East Antarctic plateau likely are the emission intensity in the dust
sources as well as the ability of the dust to intrude the polar vortex. Once inside the polar
vortex the dust transport to the two sites is either very homogeneous or effectively

randomized.
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Tables and Figures with Captions

Table 1 — Parameter overview: List of species and measurement methods of mineral dust

discussed in this paper; also given are the respective limits of detection (LOD, including

procedural blanks) for typical applications.

Acronym Species Method LOD [ppb]
CC-mass total water-insoluble particle mass (from Coulter Counter 2
particle volume)
LPD-mass total water-insoluble particle mass (from Laser-sensing 1
particle diameter) Particle Detector
IC-Ca soluble Ca*™* lon Chromatography |2
CFA-Ca soluble Ca** Continuous Flow 0.1
Analysis
nss-CFA-Ca* soluble non-sea-salt Ca** [(Na/Ca)soi,qust = 0.91] | calculated
ICPMS-digest-Al | total Al (full acid digestion) ICP-MS 0.5
ICPMS-digest-Fe | total Fe (full acid digestion) ICP-MS 0.2
ICPMS- HNO3-Al | leachable Al (HNOj3-digestion at pH 1) ICP-MS 0.1
ICPMS- HNOs-Fe |leachable Fe (HNOs-digestion at pH 1) ICP-MS 0.03
ICPMS- HNO3-V | leachable V (HNO;-digestion at pH 1) ICP-MS 0.001
PIXE-AI water-insoluble, particulate dust Al PIXE 0.8
PIXE-Ca water-insoluble, particulate dust Ca PIXE 0.2
PIXE-Fe water-insoluble, particulate dust Fe PIXE 0.1
PIXE-Si water-insoluble, particulate dust Si PIXE 0.7

Table 1.
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Figure 1:

Upper panel (a): Overview of samples used in this study shown on the EDMLI/EDC3 time
scale (47, 48); EDC samples shown as dark red asterisks, EDML samples shown as blue
circles. Insoluble particle mass concentrations (CC-mass) are plotted here as a representative
of mineral dust concentrations. For orientation, the EDC dust profile is also shown as a red
line (/2). Note that samples range from low concentrations during Holocene to high
concentrations during the LGM for EDC as well as for EDML. Lower panel (b): For

orientation, EDC deuterium isotopic deviation as a proxy for atmospheric temperature (27).
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Figure 2:

Scatter plots of different parameters all plotted vs. insoluble particle mass (from Coulter
Counter) as a common reference for comparison. All values in ppb. Note logarithmic scales.
Shown also are linear regression lines calculated from the logarithms of the data: EDML and
EDC data (black continuous line), EDC data only (red, dashed line) and EDML data only
(blue, dotted line). Selected statistical measures are given in each plot for all (EDC and
EDML) data: R;,, — correlation coefficient (in loglog-space); ¢, — slope of linear regression
line (in loglog-space); median ratio — median of ratios (y/x;) of concentrations; rel gain —
relative gain of y-parameter for a concentration increase of factor 100 for the x-parameter. For

details see text; for abbreviations of parameters: see Table 1.
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Figure 3:

Scatter plot of CFA-Ca”" vs. IC-Ca®".
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Figure 4:

Scatter plot of ICP-MS element concentrations of Fe (a) and Al (b) for two different sample
preparation techniques: acidification to pH 1 (y-axis) vs. full acid digestion (x-axis). Typical
recoveries of HNO;-digestion (pH 1) are indicated for Holocene and LGM samples (see text

for details).
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Figure 5:

Scatter plot of PIXE vs. ICP-MS (full digestion) for Fe (a) and Al (b).
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Figure 6:
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Figure 6:

Time series of different ratios of element
concentrations shown on the common
EDMLI/EDC3 time scale (47, 48): ICP-MS
concentrations of HNOs-digestion (pH 1)
normalized to full acid digestion of Fe (a)
and Al (b); Fe/Al mass ratio of ICP-MS
concentrations (HNOs-digestion) (c); PIXE
concentrations of Si (d) and K (e) both
normalized to PIXE-Al concentrations
(expressed as mass ratios, m.r.). A regime
shift at ~16 ka BP is noticeable from
changing point-to-point variability and
value of some ratios. For orientation, the
EDC deuterium isotopic deviation as a
proxy for atmospheric temperature is shown
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Abbreviations

ACR Antarctic cold reversal

CFA continuous flow analysis

CcC Coulter Counter

CI chondrite

CPP coarse particle percentage

CSpe coordinate system spanned by the principal components
CSRrEE coordinate system spanned by the rare earth elements
DML Dronning Maud Land

EPICA-DML | EPICA Dronning Maud Land

EPICA European project of ice coring in Antarctica

FPP fine particle percentage

HREE heavy rare earth element (Ho - Lu)

IC ion chromatography

ICP-MS inductively coupled plasma mass spectrometer
ICP-QP-MS | inductively coupled plasma quadrupole mass spectrometer
[CP-SF-MS inductively coupled plasma sectorfield mass spectrometer
ICP-TOF-MS | inductively coupled plasma time of flight mass spectrometer
IPCC Intergovernmental Panel on Climate Change

LREE heavy rare earth element (La - Nd)

LS laser sensor

MIS marine isotope stage

MMD mean mass diameter

MREE medium rare earth element (Sm - Dy)

PAAS post archean Australian shell

pPC principcal component

PCA principcal component analysis

PS polystyrene

PSA potential source area

PTFE polytetrafluoroethylen

REE rare earth elements

TE trace elements

UCC upper continental crust
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