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Abstract

The Greenland and Antarctic ice sheets contain trace amounts of dust and sea salt
aerosols that have been wind transported over long distances before they were deposited
onto the ice. Concentrations of chemical impurities measured in Greenland and
Antarctic ice cores reflect past atmospheric contents of aerosols. Over the last glacial
cycle, ice core concentrations vary up to two orders of magnitudes for mineral dust
species and one order of magnitude for sea salt species, indicating large variations in
conditions for aerosol emission and transport.

In this thesis a Greenland ice core record of soluble ions derived from dust and sea salt
over the last glacial period from the NorthGRIP ice core is presented. A statistical
method used to analyse variations in ice core concentrations of soluble dust and sea salt
species and a physical interpretation of the statistical parameters in terms of large scale
transport properties is introduced.

As a new component in ice core records, lithium is introduced in the analyses. A paper
presenting the lithium measuring technique and exemplary lithium ice core data is
included in this thesis. The geochemical properties of lithium suggest that lithium, like
calcium, is leached from dust minerals. Analyses of NorthGRIP and DomeC ice core
records of soluble dust species show that while soluble calcium can be used as an
indicator of quantities of mineral dust, lithium is to a higher extend indicating mineral
characteristics and weathering processes in the dust source areas.

The thesis is build up of relatively independent chapters. The first chapter (Chapter 1) is
a very brief introduction to quaternary climates.

The following chapter (Chapter 2) is introducing and discussing aspects of dust and sea
salt aerosol cycles that are relevant for the remaining chapters and provide the
background for the following discussions in the thesis. This second chapter conclude
that the Greenland ice core concentrations of dust and sea salt are resulting from the
high variability of the upper level wind patterns, and therefore mainly reflect large scale
patterns and strength of the upper level winds in the northern hemisphere.

The following three chapters (Chapter 3-5) are concerning the measuring technique of
lithium and new findings from the NorthGRIP and the DomeC ice cores based on
lithium records. A lithium anomaly appearing in the NorthGRIP ice core around the
Holocene 8.2 ka BP cold event provides evidence that major changes in the water-
balance in the Qaidam basin, located north of the Tibetan plateau, occurred rapidly, and
indicates a coupling between Asian monsoonal circulation and North Atlantic climate.
An analysis of the chemistry of dust species, including lithium, in the DomeC ice core
showed different characteristics of the dust material for the Holocene and for the last
glacial, suggesting different dust sources during the Holocene and during the late
Pleistocene.

In Chapter 6 a statistical analysis of the NorthGRIP ice core record of soluble ions is
presented and a physical interpretation of the statistical parameters is introduced. The
analysis leads to a discussion of large-scale patterns of atmospheric circulation and



cycles of mineral dust and sea salt aerosol in the northern hemisphere during the last
glacial period.

A paper by NorthGRIP members (2004), presenting the NorthGRIP isotope curve back
into the last interglacial, is included in the thesis (Chapter 7). That paper suggests a
different atmospheric circulation during the last glacial period than at present with a
regional effect in precipitation, where the NorthGRIP isotope record is more influenced
by precipitation from a northerly transport path than the GRIP isotope record.

The following chapter (Chapter 8) describes an analysis of long term trends in the
NorthGRIP chemical record suggesting the occurrence of two distinct configurations of
northern hemispheric atmospheric circulations during the early part of the last glacial
period. One configuration that characterises most of the glacial period, has a possible
transport pathway north of the Laurentide ice sheet. The other configuration that
characterises only certain time-periods during the early part of the last glacial period,
shows weaker conditions for transport, with a possible pathway south of the Laurentide
ice sheet. The atmospheric circulation seems to have shifted rapidly between these two
configurations during stage 5 on a timescale different from that of the D/O events.
These results suggest that the large-scale atmospheric patterns are relatively resistant to
the climate changes during the D/O events, but have however, the capability to
reorganize rapidly.
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Chapter 1: Introduction

1: Introduction

1.1 Global ice sheets during past and present

During the last 2-3 million years the climate of the Earth has experienced long periods
of extended glaciations separated by relatively short interglacials of distinctly less
glaciation. Marine sediment cores and polar ice cores have provided important
knowledge of these climate variations. Those archives record the climatic influences on
physical or biological factors acting on the sedimentary system or organisms deposited
within.

Formation of permanent glaciers and ice sheets on Earth causes an isotope fractionation
of the global water reservoir where ice in glaciers and ice-sheets is depleted in the
isotopes, 20 and 2H (deuterium), i.e. it is isotopic lighter than ocean water. The isotope
composition of the isotopic heavier ocean water therefore reflects the global ice volume.
Evidence for existence of permanent ice on Earth is found from zoo-plankton living in
deep oceans (benthic foraminifera). Their calcareous (CaCOs) shells are deposited on
the sea-floor where they build up an archive of past ocean oxygen isotope composition.
Further evidence for the existence and change of ice sheets can be retrieved from ice
rafted debris (IRD) that is crustal material deposited on the ocean floor after being
transported over open water in ice bergs.

Major changes in the global climate during the last 65 million years based on more than
40 deep-sea sediment cores are shown in Figure (1.1) (from Zachos et al., 2001). The
880 curve is obtained from analysis of benthic foraminifera and represents partly deep-
ocean temperatures and partly global ice volume. The §°C curve reflects primarily
changes in ocean circulation. The rapid step in the 50 curve around 34 million years
ago indicates the formation of permanent ice sheets in Antarctica. The opposite step 26-
27 million years ago reflects partly an increase in ocean temperatures and partly a
reduction in Antarctic ice extent. The formation of the present day East Antarctic ice
sheet is indicated by the rapid increase in deep-sea §'°0 beginning around 14 million
years ago, whereas the formation of the West Antarctic ice sheet is seen as a gradual
increase in 50 10-6 million years ago. In the northern hemisphere glaciations
intensified between 3 million and 2.5 million years ago (Shackleton, 1997).

Changes in climate on time scales of 10’ years are induced by plate tectonic processes.
Some tectonic processes that occurred synchronously with major changes in glaciations
are indicated in Figure (1.1). Highly debated, Antarctic glaciations could be related to
the opening of the Tasmanian-Antarctic passage leading to an isolated Southern Ocean
(e.g. DeConto and Pollard, 2003) whereas northern hemispheric glaciations could be
related to the closing of the Panama sea-way (Haug and Tiedemann, 1998) or an uplift
of the Tibetan Plateau (An et al., 2001).

On shorter time scales, climate variations are driven by the cycling properties of Earth’s
orbital parameters; eccentricity with a periodicity of 100 and 400 ka, obliquity with a
periodicity of 41 ka, and precession with a periodicity of 19 and 23 ka. The cycling in
Earth’s climate is often referred to as Milankowitch-cycles after Milutin Milankowitch
who in 1941 described the connection between global glacier extent and seasonality of
insolation at 65°N. The sensitivity of the global ice volume to the northern hemisphere
insolation is a consequence of a non-homogeneous distribution of continents and oceans
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and of ocean circulation. Due to the large continental coverage and the meridional ocean
circulation in the North Atlantic, the northern hemisphere responds strongly to changes

in insolation.
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Figure 1.1: Climate development over the last 65 million years from more than 40

marine sediment cores (from Zachos et al., 2001).
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The obliquity (tilt of Earth’s axis relative to the orbit plane), determining the strength of
seasonal variations, has the dominant influence on timings of major changes in ice
volume. The Pliocene/Pleistocene boundary 1.77 million years BP is characterised by
the onset of regular 41 ka cycles in marine sediment records (Shackleton, 1997). Later
in the Pleistocene, the influence of precession (direction of tilt in the orbit plane), and
eccentricity (shape of Earth’s orbit) on climate became larger and resulted in a 100 ka
cyclic behaviour of the climate system.

The SPECMAP time scale is a well-established chronology obtained by tuning changes
in a stacked marine sediment record to changes in northern hemisphere insolation
(Imbrie et al., 1993). The alternating climate conditions recorded in marine sediment
cores such as the SPECMAP record are classified as Marine Isotope Stages (MIS)
numbered from the top of the cores (Martinson et al., 1987). Marine Isotope Stages are
roughly marked on Figure 1.2. For higher resolution records these stages are further
divided into sub-stages e.g. 5a-5e.

The so-called “100 ka” climate cycle of the late Pleistocene is characterised by
interchanging long time periods of high degree of glaciations and relatively short
interglacials, with less glaciations. The last glacial cycle refers to the time period from
the last interglacial, MIS5e, around 120 ka BP and up to present. The current climate
period, MIS1 or the Holocene, began approximately 11.5 ka BP.

. . 2

.18 — SPECMAP 65°N July insolation (W-m 2
3 O (%o) y (Wm ™) (W-m)
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Figure 1.2: Insolation at 65°N (Berger, 1992) versus the SPECMAP record (Imbrie and
Duffy, 1990), which is a normalized stacked 50 series from planktonic foraminifera
(reflecting ocean surface temperatures). The marine isotope stages (MIS) are roughly
indicated.

At present, permanent ice sheets and glaciers contain 2.2% of the global water
reservoirs. The Antarctic ice sheet, with a 10 times larger volume than the Greenland ice
sheet, constitutes the majority of the global ice volume. During the Last Glacial
Maximum (LGM), approximately 21 ka BP, about 6-7% of the global water reservoir
was held in ice sheets and glaciers. The Antarctic and the Greenland ice sheets have
decreased only little since the last glacial, but in the northern hemisphere huge glaciers
located in North America and in Eurasia have melted away. The Scandinavian ice sheet
was larger than the Greenland ice sheet and the Laurentide ice sheet in North America
was as large as the present day Antarctic ice sheet.

Landscapes together with terrestrial and marine sediment records provide evidence for
the extent of continental ice sheets and sea ice during past glacial and interglacial
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periods. Further knowledge on the extent of past ice sheets and sea ice is obtained from
ice sheet modelling and from General Circulation Model (GCM) simulations.

During the LGM the combined ice volume of northern hemispheric ice sheets was
exceeding the present Antarctic ice sheet almost by a factor of two (Bintanja et al.,
2002) and consequently the global sea level was 120 m lower than today (Bard et al.,
1990) and large continental shelves were exposed.

Figure 1.3 shows a reconstruction of the global water reservoir for the present and for
the LGM (from Huybrechts and Zweck, 2004).

180° 180°

Maximum sea ice extent
Minimum sea ice extent o
Continuous permafrost

Discontinuous permafrost

Floating ice
Grounded ice

Figure 1.3: Ice sheets, seasonal sea ice extent and continents for present (left) and for
LGM (right) for the northern (top) and the southern (bottom) hemispheres. Contour-
lines on the ice sheets correspond to 500 m height intervals. (Data compiled by
Huybrechts and Zweck (2004)).



Chapter 1: Introduction

1.2 Climate history from deep polar ice cores

While volume and coverage of ice sheets is closely coupled to climate (e.g. through the
albedo and the atmospheric and ocean circulation), ice sheets also serve as climate
archives. High altitude ice sheets are built up of single snow fall events deposited layer
by layer, and kept frozen. The fraction of heavy isotopes in precipitation depends on the
temperature history of the water vapour. Therefore, the snow layers in an ice sheet
record and preserve information about circulation and temperature. Due to a higher
sedimentation rate, polar ice core records have in general higher resolution and resolve
more details in the climate history than marine sediment cores.

Together with snow precipitation, various types of aerosols, which are wind-blown
continental and marine material and aerosols produced in the atmosphere, are deposited
within the ice. Ice sheets therefore also contain an archive of aerosols. Furthermore, in
the process of compaction from snow to ice, air bubbles are captured within the ice.
This process creates a unique archive of paleo-atmospheric composition such as the
concentration of greenhouse gasses.

The ice inside an ice sheet is under pressure from the overlying ice mass and is therefore
constantly moving towards the edges. For steady-state conditions the supply of ice from
a new layer of snow on top of an ice sheet is balanced by melting or ice berg calving at
the edges. The deepest part of an ice sheet might in principle contain precipitation that
reaches back to the time when the ice sheet was building up, but thinning and
disturbances of the stratigraphy by the dynamical processes is likely to have disturbed
the layer structure of the deepest ice. The temperature in an ice sheet is very insensitive
to the surrounding temperatures due to the poor heat conducting properties of ice.
Geothermal heat-flux from underneath the ice sheet heats up the basal ice, but is
balanced by the dynamical processes in the ice sheet. At some locations however the
geothermal heat-flux may cause melting of the ice sheet at the bottom and thereby
limiting the age of the oldest ice.

Precise dating of the Greenland and Antarctic ice core records is essential for inter-
comparisons and for the understanding of the dynamical processes involved in rapid
climatic changes, and is a topic of major interest. Ice cores have been dated through
synchronisation of ice core records with the deep-sea SPECMAP chronology (e.g. Petit
et al., 1990) or with insolation changes assuming a non-linear character of the climate
system (Parrenin et al., 2001), but dating by ice sheet modelling is more commonly used
(e.g. Johnsen and Dansgaard, 1992; Petit et al., 1999; Schwander et al., 2001). Known
volcanic eruptions, stratospheric radio nuclides varying in parallel to large solar out-
burst, and nuclear bomb testing, are identified in the ice cores and provide accurate time
markers (Hammer et al., 1978; Hammer, 1980; Clausen et al., 1997; Schwander et al.,
2001). Annual layer counting is used whenever ice core records in annual resolution are
available (Hammer et al., 1978; Dansgaard et al., 1993; Meese et al., 1997). Annual
layer counting using high resolution chemical records and visual stratigraphy is
currently processed on the NorthGRIP ice core in order to obtain an accurate north
hemispheric chronology for the last glacial cycle (Copenhagen Dating Initiative
members, 2002).

Greenland ice cores: In central Greenland the ice sheet is approximately 3 km thick.
The two Greenland Summit ice cores from the Greenland Ice core Project (GRIP) and
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from the Greenland Ice Sheet Project-2 (GISP2) reach possibly more than 250 ka back
in time (Dansgaard et al., 1993) but show strongly diverging records in their deepest
parts. Evidence from gas contents and compositions in the GRIP ice core suggested that
this ice core has a preserved stratigraphy reaching back to substage 5d approximately
115 ka BP, while the stratigraphy in the deepest 250 m of the core is likely to be
affected by large-scale disturbances (Johnsen et al., 1997). The divergence in the two
records has put focus on the climate of the last inter glacial, the Eemian, approximately
115-130 ka BP. In 1996 the NorthGRIP deep drilling programme started with the main
goal of obtaining an undisturbed high-resolution record of the Eemian climate period,
(Dahl-Jensen et al., 2002). The drilling reached the bottom in 2003, with an undisturbed
record reaching back into the Eemian period (NorthGRIP members, 2004). Water
recovered at the bedrock indicated that bottom melting occurs at NorthGRIP and is
preventing shear stress disturbance of the stratigraphy (NorthGRIP members, 2004).

Antarctic ice cores: The Antarctic ice sheets has a thickness of up to 4 km and due to a
much lower snow accumulation rate it has a preserved stratigraphy reaching much
longer back in time than the Greenland ice sheet.

The 3310 m long Vostok ice core is dated back to 420 ka BP (Petit, 1999), while the
Dome Fuji ice core is dated back to 340 ka BP (Watanabe et al., 2003), and the EPICA
Dome Concordia (EDC) ice core, which today is the longest ice core record, is dated
back to 740 ka BP at a depth of 3139 m (EPICA community members, 2004). The EDC
drilling is not finished, which means that even older ice is going to be recovered.

1.3 Millennial scale climate variations

Dansgaard-Oeschger events: Greenland ice core records have revealed evidence for
millennial scale interruptions of the cold glacial climate by distinctly warmer
interstadials, the so called Dansgaard/Oeschger (D/O) events. In the GRIP ice core 24
such events were identified. Interstadials are numbered GI1S-n (Greenland InterStadials)
with n=1, 2 ... from the top (Dansgaard et al., 1993) (see Figure 1.5). The preceding
stadials (Greenland Stadials) are numbered GS-(n+1) (Walker et al., 1999). The new
NorthGRIP ice core has revealed one more D/O event, GIS-25, and one more stadial,
GS-26, early in the last glacial period (NorthGRIP members, 2004).

D/O events are characteristic for rapid warming, within a few decades, associated with
enhanced thermohaline circulation (THC) in the North Atlantic (see Figure 1.4) and
simultaneous retreat of continental glaciers. D/O events are also observed in many
marine and terrestrial records (e.g. Voelker et al., 2002) indicating that major
environmental changes occurred in the northern hemisphere during these events.

Heinrich events: Another type of millennial scale climate events, the so called Heinrich
events, are observed in North Atlantic sediment cores as distinct layers of ice rafted
debris (IRD). IRD-layers in marine sediments are evidence for events of massive ice
berg discharge into the North Atlantic. During the most prominent Heinrich events (H1-
H6), which occurred approximately every 10 ka during MIS2, MIS3, and MIS4 (Bond
et al., 1992), icebergs were discharged synchronously from all ice sheets surrounding
the North Atlantic. During these events up to 10 % of the Laurentide ice sheet slid into
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the North Atlantic and resulted in a break down of the thermohaline circulation (see
Figure 1.4).

Heinrich events only occurred during cold stadial conditions, and are believed to have
happened when the height of the ice sheets reached a certain threshold, where the
pressure melting point for the basal ice coincided with the basal temperatures. It has
been suggested that sea level change caused by a spontaneous ice berg discharge could
generate a chain reaction of ice berg discharge around the North Atlantic (Bond and
Lotti, 1995).
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Figure 1.4: Left: three modes of THC in the North Atlantic; the interstadial, the stadial
and the Heinrich mode respectively (from Rahmstorf, 2002). In the interstadial mode
the overturning of warm salty water takes place in the Nordic Seas. During an
interstadial the mode slowly weakens until a rapid shift into the stadial mode occurs. In
the Heinrich mode the massive iceberg discharge breaks down the THC and causes
cooling at low latitudes. Right: the stable stadial mode and the unstable interstadial
mode (from Ganopolski and Rahmstorf, 2002).

The forcing of Heinrich and D/O events is not yet understood and is a topic of major
interest. Since Heinrich events are succeeded by warm interstadials (e.g H4 by GIS-8
and H5 by GIS-12) followed by gradually weaker and shorter interstadials, it has been
suggested that the two types of events are connected through a combination of ice sheet
dynamics, releasing huge amounts of ice into the North Atlantic, and ocean
thermohaline circulation (Bond et al., 1993). Later Bond et al. (1997) has suggested a
1470 years cyclic pacing of the Heinrich and D/O events but without evidence for such
a cycling in the dynamic system or in the solar output. However a similar cyclic
property of ice berg discharge through-out the Holocene correlating with production
rates of cosmogenic nuclides has suggested a pacing by solar output (Bond et al., 2001).
Stochastic resonance behaviour of the timing of the D/O events has been suggested
(Alley et al., 2001; Ganopolski and Rahmstorf, 2001; Ganopolski and Rahmstorf, 2002)
and forced model studies of Ganopolski and Rahmstorf (2001) were able to reproduce
rapid climate variations for glacial conditions; however, they do not provide a
convincing trigger for either D/O or Heinrich events. One step closer to an
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understanding of the dynamical processes acting during abrupt glacial climate events
could be obtained by Knutti et al. (2004), who, using a coupled climate model,
demonstrated that temperature and sea level variations during the last glacial period
largely can be explained by combined oceanic heat and freshwater anomalies, but the
forcing of these changes in ocean circulation still needs to be determined.

Antarctic counterparts: While D/O and Heinrich events are northern hemisphere
phenomena, climate instability during the last glacial is also observed in Antarctic ice
cores. Antarctic warming events, A1-A7 occur asynchronously with the very warm D/O
events in the North (Blunier et al., 1998) (see Figure 1.5).

A detailed synchronisation of Greenland and Antarctic ice core records using the
methane content, which represents a global signal, has shown that every D/O event have
an asynchronous Antarctic counterpart (Blunier and Brook., 2001). They suggest a
persistent see saw mechanism driven by the northern hemisphere during the last glacial
period. This idea has further been developed by Stocker and Johnsen (2002) implying a
Southern Ocean heat reservoir which is either drained or filled by varying heat export
into the North Atlantic. This see saw concept was extended in the coupled ocean-
atmosphere-sea ice general circulation model used by Knutti et al. (2004).
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Figure 1.5: Synchronization of isotope records from GISP2 and Byrd using methane
records from GRIP/GISP2 and Byrd respectively (from Blunier and Brook, 2001)
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1.4 Ice core records of chemical impurities

Ice core concentrations of dust and sea salt show much stronger variations with climatic
changes than isotope records (De Angelis et al., 1997; Fuhrer et al., 1999; Petit et al.,
1999). Furthermore, high frequency variations, such as annual signals, are generally
better resolved in the chemical records than in the isotope records; mainly because
isotopes are subject to diffusion processes in the firn snow and ice (Hammer et al.,
1978).

Over time there has been an increasing interest in detailed chemical analyses of deep
polar ice cores. Techniques for micro analyses of dust particles and continuous flow-
analysis have been currently developed and improved for that purpose. For the recently
recovered Greenland NorthGRIP deep ice core and for the current Antarctic EPICA
deep ice core drillings at Dome Concordia and in Dronning Maud Land, chemical
analyses have been strongly intensified compared to previous deep ice cores (Dahl-
Jensen et al., 2002; Miller and EPICA members, 2002).

In this thesis chemical impurities derived from mineral dust and sea salt aerosol in polar
ice cores are studied. Ice core records of soluble lithium are presented and discussed in
relation to source characteristics of the mineral dust. A statistical analysis of soluble
ions in the NorthGRIP ice core is presented and discussed in relation to north
hemispheric large-scale transport patterns for mineral dust and sea salt aerosol.
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2. The global cycles of dust and sea salt inferred from
Greenland ice cores and from climate models

2.1 Introduction

Concentrations of dust and sea salt in central Greenland ice cores show strong seasonal
variations both for present day conditions and for the last glacial. At present the main
fraction of dust and sea salt is deposited during the winter/spring season with the
seasonal sea salt peak slightly preceding the seasonal dust peak (Steffensen, 1988; Ruth
et al., 2002). On longer terms major changes in dust and sea salt concentrations occur
simultaneously with major changes in the isotope records indicating that the strengths of
source emission and transport of those impurities to the ice strongly depends on climate
conditions (Dansgaard et al., 1984; Legrand and Delmas, 1988; Petit et al., 1990).

In Greenland ice cores dust concentrations are up to 100 times higher and sea salt
concentrations are up to 10 times higher for the Last Glacial Maximum (LGM) than for
present day condition (De Angelis et al., 1997; Steffensen, 1997; Ruth et al., 2003). The
very elevated dust concentrations for the LGM has been attributed to a combination of
different effects of climate conditions: More arid surface conditions and more intensive
wind systems in the source areas (De Angelis et al., 1997; Fuhrer et al., 1999; Ruth et
al., 2003) as well as extended source areas due to a lower sea level and to a southward
movement of the polar front (De Angelis et al., 1997), stronger atmospheric circulation
(Mayewski et al., 1997), and longer aerosol life-times due to a weaker hydrological
cycle (Hansson, 1995).

It is believed that aerosol dust affects the climate in several ways through influences on
the global radiative balance, on atmospheric chemistry, and on the biogeochemical
cycling (Prospero et al., 1983; Derbyshire, 2003; Tegen, 2003). Therefore the global
dust cycle has certain relevance in climate model predictions. Satellite observations can
be used for validation of large-scale dust patterns in present day dust cycle models
(Prospero et al., 2002; Gong et al., 2003; Tegen, 2003), but dust records from polar ice
cores are considered to be of unique importance for validations of global dust cycle
models for both past and present climate conditions (Kohfeld et al., 2001). Aerosol dust
has been subject to much larger attention than sea salt aerosol partly because of its
coupling to climate conditions and partly because dust records are available from many
different locations world-wide (Kohfeld et al., 2001). However because ice cores
provide dust and sea salt records in parallel, climate influences on these two different
particulate aerosol species can be jointly investigated. Rapid climate changes at
glacial/interglacial transitions and during Dansgaard/Oeschger (D/O) events, generally
occur more abrupt in the records of dust and sea salt than in isotope records (Dansgaard
et al, 1989; Fuhrer et al., 1999). Those records are therefore important for
understanding the changes in climate dynamical processes associated with rapid climate
changes.
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2.2 Atmospheric dust

Aerosol dust consists of fine mineral particles that are suspended into the atmosphere
during strong surface winds. Enormous amounts of mineral dust are loaded into the
atmosphere. It is estimated that globally 10" kg-a™ of mineral dust particles (<5 pm)
are emitted (Prospero et al., 1983).

There is a large geographical variation in the distribution of dust sources. On a global
scale the dominant dust sources are located on the northern Hemisphere, mainly in
North Africa, the Middle East, Central Asia, and the Indian subcontinent (Prospero et
al., 2002) (see Figure 2.1).

908

# of Days Al > 0.7 or 1
| |
0 7 14 21 28 31

Figure 2.1: The global distribution of dust sources identified with the TOMS (Total
Ozone Mapping Spectrometer) instrument on the nimbus 7 satellite measuring back-
scattered UV radiance (indicated by an Aerosol Index (A1)) (from Prospero, 2002).

Aerosol dust is mainly deposited down-wind from the source areas, but dust that is
lifted up into the mid and upper troposphere may be long-range transported over
thousands of km by upper level winds. Trace amounts of this dust reaches as far as to
the remote areas of the Greenland and Antarctic ice sheets.

Although physical processes governing dust mobilizations and transport are considered
well understood they might be oversimplified in models (Tegen, 2003). Modellers have
had large difficulties in obtaining ice core levels of dust and sea salt concentrations in
simulations based on present day’s knowledge about emission/deposition processes and
wind circulation. These difficulties are concerning both present day’s and LGM
conditions as well as the LGM/present day relative change (Reader and McFarlane,
2003; Tegen, 2003; Werner et al., 2003).
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The dust found in Greenland ice cores consists of very fine particles — around 2 um in
diameter. In the source area such fine particles are mobilized through the process of
saltation, i.e. through impact from larger particles typically in the range of 60 um —
100 um, which are again mobilized when surface wind speeds exceed a certain
threshold (Gillette, 1980; Genthon, 1992a; Pye, 1995). Soil moisture has a limiting
effect on dust emissions, and fine particles are more sensitive to soil moisture than
larger particles because of their relatively larger surfaces. Another effect of moisture is
chemical weathering, which among other factors leaches salts from the rocks. In dry
periods salts can form a resistant crust on the soil surface (Gillette et al., 1982). In
models dust and sea salt emission fluxes are estimated on the basis of parameterizations
of lift from the ground (horizontal flux) and mixing with the atmosphere (vertical flux)
(e.g. Genthon 1992a). The horizontal particle flux is calculated on the basis of surface
windspeeds to the third or fourth power and on parameterizations of soil-surface
properties, which include particle sizes, soil moisture, surface roughness, and vegetation
cover. The vertical particle flux is determined using an emission factor (Genthon,
1992a; Tegen, 2003).

Silt-sized particles are formed during processes of chemical and physical weathering
and glacial crushing and grinding (Pye, 1995). Topographic depressions, acting as
reservoirs for these particles, are preferential dust source areas (Tegen et al. 2002; Sun,
2002). Satellite observations have shown that dust plumes are often generated at alluvial
fans or along lake shore-lines (Prospero et al., 2002; Sun, 2002). Although soil moisture
is a limiting factor in dust emission processes especially for the fine particle fraction,
the action of water might be of major importance in the production of the fine particles
(Prospero et al, 2002), explaining why semi-arid areas often are greater dust sources
than hyper-arid areas (Arnold et al., 1998).

2.3 East Asian dust sources

As indicated in Figure 2.1 dust sources in North Africa and in the Middle East are
delivering the major amounts of dust to the atmosphere at present. However, the large
desert areas in Central Asia are important dust source areas for the Eastern Asia and
North Pacific. Large amounts of dust from Chinese deserts are deposited down-wind
onto Chinese loess deposits, which are highly investigated for interpretations of paleo-
climate records from the loess strata (Derbyshire, 1995; Zhang et al., 1999; Porter,
2001). Asian dust source areas are exceptional in the sense that they are located remote
from major Quaternary ice sheets (Derbyshire, 2003). Particles generated at piedmont
alluvial fans up wind from the western part of the Chinese loess plateau are potentially
important sources to Quaternary loess in North China (Derbyshire et al., 1998; Sun,
2002).

Investigations of Chinese loess deposits are important for a better understanding of
processes influencing the global dust fluxes (Derbyshire et al., 1998) and they also
provide important information for the understanding of Greenland ice core dust records.
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Figure 2.2: Chinese deserts and loess deposits (from Yang et al., 2004).

Isotopic composition of Sr and Nd (strontium and neodymium) together with mineral
characteristics of Greenland ice core dust material has been applied to show that the
most important source region for dust deposited onto the Greenland ice sheet during the
last glacial period is located in the eastern Asian desert areas (Biscaye et al., 1997;
Svensson et al., 2000). Recent and more detailed analyses of present day’s dust
deposited at NorthGRIP show that this material mainly origins from the Taklamakan
desert north of the Tibetan plateau (see Figure 2.2) (Bory et al., 2003).

The wind system in Eastern Asia is very complex and shows strong seasonality. During
winter, cold and dry westerly and north westerly winds associated with the Siberian
high pressure system governs almost the whole of western and central China (Asian
winter monsoon). During summer, radiative heating of air generates low air pressures
over the southern Asian continent. Moist and warm marine air masses from the Pacific
and from the Indian Ocean are brought to eastern China (East Asian summer monsoon)
and to southern Tibet and southern China (Indian summer monsoon), respectively.
Another monsoon system, the Tibetan Plateau monsoon, modifies the strength of the
surrounding monsoons (e.g. Yu et al., 2001). The Tibetan Plateau, which has an average
elevation of more than 4000 m above sea level, also influences upper level atmospheric
circulation.

The areas north of the Tibetan plateau and in the northern China are today arid areas,
while areas in eastern China are relatively wet. However, due to changes in strength of
the monsoon circulations and changes in the precipitation/evaporation balance, the
water balance in Chinese regions has been much different during glacial times. During
the LGM, large freshwater lakes occupied the basins in the western Chinese desert area
that today are salt lakes or playas, whereas eastern Chinese areas were much dryer than
today (Yu et al., 2001).

In the literature, processes for dust deposited regionally in China and processes for long-

range transported dusts are treated distinctly (Pye, 1995; Zhang et al., 1999; An, 2000;
Sun, 2002) (see Figure 2.3). Dust mobilized during north westerly winds in the lower
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troposphere during the Asian winter monsoon season is mainly deposited down-wind
onto Chinese loess deposits. In contrast long-range transported dust from China is
associated with the occurrence of desert dust storms during the spring season (Zhang et
al., 1999; Sun, 2002) (see Figure 2.4). The spring peak observed in Greenland ice core
dust records is likely to be associated with the dust storm season in western China (De
Angelis et al., 1997; Bory et al., 2003), whereas deserts located in the Inner Mongolia
contributes to a year around background dust deposition in Greenland (Bory et al.,
2003).
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Figure 2.3: Schematic representation of two contrasting modes of aeolian dust
transport and deposition proposed for dust flux from the deserts of northwest China to
the Loess Plateau and North Pacific Ocean during the Quaternary (from Pye and Zhou,
1989).

The dust storms are generated by strong winds from outbreaks of cold air from the
north, which combined with arid conditions during the spring season, provide the
conditions for uplift of dust to the mid and upper troposphere (Sun et al., 2001). The
dust storm season lasts three months from March to May with the major occurrence of
dust storms in April (Sun et al., 2001).

15



Chapter 2: The global cycles of mineral dust and sea salt

70 80 90 100 116 120 130
T T 1

35 404' '

Loess Plateau

22 \ T ]f
"Z ~.u||i h"l’shim"[ nl_ﬁ
- i _/ e llll] =
Tibetan Pl/z;;\% %
>—1

%Neansurface wind transport dust

(elevation generally < 2500 m)

Westerlies transport dust
(elevation generally > 5000 m)

g 500 1000 km
e —

Figure 2.4: Map showing the pathways of dust entrained from the two dominant dust
source regions of China. Dashed contour lines indicate the number of dust storm events
during the spring season of 1960—1999. Area I is the Gobi desert in southern Mongolia
as well as the adjoining gobi and sand deserts in China, Area Il is the Taklimakan
Desert (From Sun, 2002).

The Mongolian Gobi desert has the highest frequency of dust storms (Sun et al., 2001);
however satellite observations show stronger persistent seasonal dust activity in the
Tarim pendi (basin) ranging from February to September (Prospero et al., 2002). The
topographic conditions around the Tarim pendi north of the Tibetan plateau result in
particularly strong air dynamics in the Taklamakan desert where dust is lifted up to an
altitude of 5000-8000 m (corresponding to 600—350 hPa), whereas dust from the
Mongolian Gobi desert is lifted up to an altitude of only 3000 m. (Zhang et al., 1999;
Sun et al., 2001). Dust plumes from the Tarim pendi are therefore more likely to be
long-range transported as far as to Greenland than dust from the Mongolian Gobi desert
(Bory et al., 2003).

2.4 Long-range transport patterns for Chinese dust

The polar jet stream is a strong high altitude east-ward wind near 60°N that results from
strong temperature gradients between cold and dry polar air masses and warm and moist
air masses from lower latitudes. Around 30°N another and weaker subtropical jet stream
is flowing. The polar and subtropical jet streams are not always well defined and
sometimes they fail to be continuous. Together they form a global wave that is
associated with the westerlies and with strong meteorological dynamics at the surface.
Examples of the coupling between upper level wind patterns and surface winds are the
cold outbreaks of the polar jet stream that generate the Asian dust storms. The jet stream
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patterns therefore indicate geographical locations of favourable conditions both for
aerosol uplift and for long-range transport. The jet stream patterns show large day-to-
day variations but have a pronounced seasonality with the southern most positions
during winter.

Transport pathways of dust plumes generated during dust storms in China have been
followed by satellites. Large plumes from both the Tarim pendi and the Mongolian Gobi
deserts are transported with the westerlies across the Pacific Ocean and reach the west
coast of North America approximately in one week (e.g. Husar et al., 2001).
Observations over the North Pacific Ocean show that this is a general transport pattern
of dust plumes. There is a seasonal variation with the highest dust concentrations
appearing from February until June (Prospero et al., 1989).

Figure 2.5 shows 300 mbar geo-potential heights for both for the monthly mean and for
a single day of April 2003. Average geo-potential heights do not indicate a persistent
pathway for upper level winds across Greenland during the spring season. The monthly
mean wind pattern for April suggests a more southerly path way over the North Atlantic
to Europe. The possibility of such a transport path is confirmed through the finding of
Chinese dust in glaciers in the Alps (Grousset et al., 2003). However, variations of the
geopotential height patterns are relatively large especially in the Arctic. Because these
variations occurs with a high frequency, long-range transport of dust from Chinese
deserts to the Greenland ice sheet with the westerlies over North America and north to
Greenland is a possible pathway. Dust from a dust storm can reside in the atmosphere
over several weeks and may take a full turn around the North Hemisphere before it
eventually is lead over Greenland.

While upper-level wind patterns provide a picture of large-scale patterns of long-range
transport pathways, back trajectories give a complementary picture of transport paths
for air masses reaching a specific destination. Back-trajectory analyses are used for
determinations of source areas and transport pathways. From a statistical analysis of
ten-thousands of back trajectories over 44 years to Greenland Summit, Kahl et al.
(1997) has determined four dominant trajectory components for different seasons and
altitudes. However, as pointed out by Kahl et al. (1997) these components are not
resolving the large inter-annual (as well as high frequency) variations in large-scale
transport patterns. Further more the studied trajectories are not necessarily associated
with aerosol depositions or precipitation since aerosols and moisture are not necessarily
transported along a typical wind direction. Therefore, only trajectory studies in
association with events of precipitation or depositions of dust and sea salt aerosol are
meaningful for evaluations of source areas and transport paths for aerosol and
precipitation in Greenland.

Considering back trajectory analyses from Greenland Summit by Kahl et al., (1997),
Bory et al. (2003) suggest a more northern transport path for dust reaching Greenland
than dust reaching the west coast of America as a vertical effect in the dust transport
pathways. However, present day transport pathways over the Canadian Arctic during
winter/spring are very unlikely because of the Canadian vortex that leads air masses
south over North America.
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Figure 2.5: 300 hPa geo potential heights monthly mean for April 2003 (top) and for a
single day in April 2003 (bottom). The contour lines, corresponding to 100 m height
intervals, reflect the average high altitude wind patterns and the spacing indicates wind
speeds. The mean April 2003 pattern shows that contour lines going out from central
Asia are crossing Southern North America and South Europe/North Africa. During a
single day the contour line is going north over the North Atlantic and crossing
Greenland. (Provided by the NOAA-CIRES Climate Diagnostics Center, Boulder
Colorado from their Web site at
http://'www.cdc.noaa.gov/cgi-bin/db_search/SearchMenus.pl).
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2.5 Sea salt aerosol emission and transport

Sea salt aerosol results from evaporation of sea spray produced by bubble bursting or
during wind induced wave breaking. The global emission of sea salt particles <5 pm is
similar to that of dust, 10'' kg-a™ (Prospero et al., 1983). Emission of sea salt depends
like dust on surface wind speeds and we may consider all ocean surfaces as potential
source regions. The horizontal sea salt flux is modelled exponentially from surface wind
speed (Erickson et al., 1986; Genthon, 1992b; Reader and McFarlane, 2003).

Recently salt brines formed on top of sea ice during its formation have been established
as an alternative source to sea salt acrosol (Wagenbach et al., 1998). In the coastal areas
of Antarctica local sea ice brines are considered to be the major source to sea salt
aerosol (Rankin et al., 2002). Sea ice has also been proposed as the major source to sea
salt in inland Antarctica (Wolff et al., 2003). But until now no data are available on the
contribution from sea ice to sea salt aerosol, especially as compared to the open ocean,
and generally sea salt deposited onto the inland Antarctica and Greenland ice sheets are
considered as long-range transported sea salt aerosol reflecting storminess over open
ocean and conditions for transport (Legrand and Delmas, 1988; Mayewski et al., 1997,
De Angelis et al., 1997, Petit et al., 1999; Stenni et al., 2001).

Present day large-scale transport properties of sea salt generated over open ocean can be
described in a way similar to that for mineral dust, where conditions both for uplift and
long-range transport are associated with upper level wind patterns. Strong winds both at
the surface and at high altitudes will favour both uplift and long-range transport. From
this point of view ocean surfaces both in the North Pacific and in the North Atlantic are
possible source areas for sea salt deposited in Greenland. During winter wind speeds
both at the surface and at the upper-level are much stronger than during summer (see
Figure 2.6), consistent with the appearance of sea salt as a winter peak in ice core
records (Steffensen, 1988).

For example, on the January 2003 plots average surface wind speeds are up to 15 m's
in the North Pacific and average upper-level wind speeds over this area is around 50
m's”', whereas on the July 2003 plots surface wind speeds are < 10 m's™ and over areas
of highest surface wind speeds upper-level winds are not stronger than 20 m-s™.

1
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Figure 2.6: Average wind speeds at 1000 hPa and 300 hPa for January 2003 (upper
pictures) and July 2003 (lower pictures). Note that the scales are different on the
different pictures. (Provided by the NOAA-CIRES Climate Diagnostics Center, Boulder
Colorado from their Web site at http.//www.cdc.noaa.gov)
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2.6 Aerosol deposition processes

Deposition of dust and sea salt suspended in the air occurs by different processes during
dry and wet conditions. Dry deposition occurs through sedimentation by gravity or
turbulent air-to-surface contact (Genthon, 1992a). High surface winds and rough
surfaces favour dry deposition. Wet deposition is removal of aerosol by precipitation
and involves two different processes, nucleation scavenging and collision scavenging.

In nucleation scavenging aerosols are involved in cloud formation dependent on the
phase of precipitation (ice crystals, snowflakes or water droplets) and on the
hygroscopic properties of the aerosol (e.g. Seinfeld and Pandis, 1997). Different aerosol
types can have different hygroscopic properties and thereby different nucleation
scavenging rates.

In collision scavenging, precipitation collides with aerosols while falling through the air
in and below the cloud. Collision scavenging rates are strongly dependent on the sizes
both of the droplets and of the aerosols. The collision removal efficiency is lowest for
particles around 1-2 um in diameters (e.g. Seinfeld and Pandis, 1997).

Mass flux of aerosol onto the surface due to dry deposition (J4ry, mass per area and
time) equals the apparent falling velocity of aerosol particles (v4y, length divided by
time) times the mass concentration of aerosol particles in the air (C,y, mass per
volume): Jay = Vay © Cair.  The dry deposition velocity, vs,, depends both on
gravitational settling and of turbulent contact with the surface (Genthon, 1992a) and is
often given in cm's” (e.g. Davidson et al., 1996).

The wet deposition flux onto the surface (Jye) equals the precipitation flux (Jp, mass per
area and time) times the mass fraction of aerosol particles in the precipitation (wp, mass
divided by mass): Jyet = Jp - wp Where w;, equals the mass concentration of aerosol in the
precipitation divided by the mass density of the precipitation (pp, close to 1.00 g-cm™):
Wp = Cp / Prp.

The ‘scavenging ratio’ (Rp.;) is the mass concentration of aerosol in the precipitate
divided by the mass concentration of aerosol in the air: Ry = Cp / Cy. Due to the
complexity of the scavenging mechanism, wet deposition rates are hard to quantify (e.g.
Prospero, 1983). Modellers typically use a ‘scavenging ratio’ around 1000 (e.g. Tegen
et al., 2002).

The decrease in mass concentration of aerosol in the air due to dry and wet depositions
is described by the decremence rates, Ay and Agry (unit s'or h'l) that are defined by,
Adgry = (OInCyir / Ot)dry and Ayer = (OInCir / Of)wer. The wet decremence rate may also be
expressed in terms the scavenging coefficient, aye (unit m*kg™) and the precipitation
flux: Awet = Owet - Jp (Genthon, 1992a; Seinfeld and Pandis, 1997).

The aerosol concentration in a moving air parcel is decreasing with time due to
depositions of aerosol. Disregarding other factors acting on atmospheric aerosol
concentrations, such as mixing of air masses, the rate of change in aerosol concentration

can be described in terms of the atmospheric lifetime, t: 0C,;/0t = — (1 / 7) * Cyir, Where 7
=1/ (Aary + Awer)-
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Implications for aerosol characteristics: Both dry and wet deposition processes result
in a modification over time of size and mineral characteristics of aerosol in a moving air
parcel.

Aerosol deposited regionally downwind from the source region is mainly transported
and deposited under dry conditions, where coarse particles will settle out of the
atmosphere faster than fine particles due to an /> dependency of sedimentation rates.
This size modification has been applied to interpretations of Chinese loess strata where
grain sizes have been used to indicate past transport distances and wind-strengths,
reflecting strengths of the winter monsoon, whereas clay-mineralogy has been used to
indicate chemical alternation processes in humid environments, reflecting the strength
of the summer monsoon (An, 2000; Porter, 2001). Arnold et al. (1998) points out that
also transport time might have an effect on the clay mineralogy in loess strata because
clay minerals dominate the very fine fraction in aerosol dust while primary minerals,
like quartz and feldspars, dominate the coarse fraction.

Long-range transported aerosols are subject to wet-deposition processes (Tegen, 2003).
Due to little precipitation in Arctic regions aerosol life-times in those regions can be one
order of magnitude longer than in regions at mid latitudes. Aerosol life-times for long-
range transported aerosol depend both on amounts and on properties of the precipitation
and of hygroscopic properties and of aerosol sizes as well (e.g. Jaffrezo et al., 1993).
Particles with sizes around 1-2 pm in diameter have a much longer life-time than both
smaller and larger particles. However, parameterization of wet deposition in dust cycle
models do not take nucleation scavenging processes and the size dependency of
collision scavenging into account. This simplification increases the uncertainty of model
predictions of dust in remote regions (Tegen, 2003).

It has been debated whether size distributions of long-range transported dust reach an
equilibrium size distribution after a few thousand kilometres (Arnold et al., 1998). Dust
size characteristics observed in Greenland ice cores are close to the preferred size
distribution for collision scavenging processes and show only little variation
(Steffensen, 1997; Ruth et al., 2003). However a systematic change of size mode
observed in the GRIP ice core (Steffensen, 1997) and in the continuous record of dust
from the NorthGRIP ice core has indicated that transport times have an influence on
size characteristics of the long-range transported dust deposited in Greenland (Ruth et
al., 2003).

Air concentrations of aerosols inferred from ice cores: The flux of acrosol deposition
on the ice (Jice, mass per area per time) is the sum of dry deposition and wet deposition:

Jice = Jdry + Jwet = Vdry * Cair T Rppair  Cair - Acc.
Vary, Cair, and Ry, have been described in the preceding section. Acc = (Jp / pp) is the
snow accumulation rate (volume per area and time in ‘water equivalents’ or in ‘ice
equivalents’, i.e. height per time). Ice core concentrations of aerosol species are related
to the fluxes by

Cice = Jice * ACC-I

Ice core concentrations of aerosol species reflect the aerosol contents in the air mass,
but depend on the deposition process and on the accumulation rate. Often the aerosol
deposition fluxes onto the ice are used instead of concentrations, but also fluxes depend
on the deposition process and accumulation rate as well.
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Hilamo et al., (1993), analysed dry deposition at Dye 3 and found that dry deposition of
particles in the coarse mode (1-5um diameter) was not negligible. Davidson et al.,
(1996), quantified wet and dry depositions rates at Summit Greenland for present day
and found that wet deposition were dominant but a significant amount of aerosol was
deposited through dry deposition. Although wet and dry deposition rates of aerosol can
be quantified, the strong seasonality in deposition of various species adds an uncertainty
to the estimation of past air concentrations.

Alley et al., (1995), estimated relative changes in concentrations in the air for the
Younger-Dryas/Pre-Boreal transition based on a simple model interpolating between
flux-estimates and ice core concentrations in the GISP2 ice core and found that relative
variations in ice core concentrations provide fairly good estimates of variations in air
concentrations, whereas variations in fluxes largely underestimates variations in air
concentrations.

Meeker et al., (1997), did a detailed variance analysis on chemical species and
accumulation in the GISP2 ice core over the last 17 ka and found that dry depositions
are negligible compared to wet depositions.

De Angelis et al. (1997) found that fluxes of dust and sea salt for both for Greenland
and Antarctica were proportional to Cy;: - (Acc + K) where K is an empirical constant of
5 cmea™'. Using this proportionality for central Greenland, where the accumulation rate
at present is about 20 cm-a’ versus about 5 cm-a’! during LGM, we estimate the Cic. /
C,ir ratio to be 60 % higher for LGM than for present. Compared to changes in
concentrations of impurities of one to two orders of magnitudes, changes in
accumulation rates have a minimal effect on ice core concentrations.

2.7 The global cycles of dust and sea salt predicted by models

Predictions of dust emission fluxes are considered to be the greatest uncertainty in
models of the global dust cycle (Tegen, 2003). Recent model simulations of the global
dust cycle for past and present climate conditions show that the vegetation cover may
have a major influence on dust emission.

Mahowald et al. (1999) simulated the current and the Last Glacial Maximum (LGM)
dust cycle including a model for global vegetation cover and obtained realistic dust
deposition fluxes. However, their extended source areas for glacial conditions were
somewhat unrealistically large.

Tegen et al. (2002) took seasonal variation in vegetation cover and variations in
vegetation types into account and showed that seasonal variation in vegetation is
important in capturing the spring dust emission events from central Asia. Further, they
considered topographic lows, depositing the fine grained rock material produced during
glacial and fluvial erosion, as preferential dust source areas. Their present day source
model was consistent with source areas observed by TOMS satellite observations. Their
simulations indicated that dry lake beds make substantial contributions to global dust
emissions as they constitute the known hot-spots of dust emission. They achieved
realistic simulations of the modern dust cycle, although they underestimated dust
deposition in the North Pacific due to an underestimation of wind speeds.

The model of Tegen et al. (2002) was extended by Werner et al. (2002) who simulated
the current and the LGM dust cycles taking a seasonal cycle in both vegetation and
precipitation into account. They simulated a factor of 2.2 higher global dust emission
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during the LGM than today, of which 25% was due to lower sea level, and 65% was
explained by higher surface wind speeds, and only 10% was caused by expansion of
dust source areas by sparser vegetation. In Asia 88% of the increase in dust emissions
was due to higher wind speeds. Over the North Pacific dust deposition was a factor of 5
higher due to stronger transport winds. Further, Werner et al. (2002) found that the dust
season was longer during the LGM and the seasonal maximum was shifted from spring
to July-August. They obtained realistic seasonal variations in ice core dust
concentrations for LGM mainly due to an effect of seasonal variations in local
precipitation affecting the balance of dry and wet deposition and less to an effect of
seasonality of the dust cycle. They explain the large LGM/present day difference in dust
concentrations as being mainly an effect of changes in local precipitation.

Zou and Zhai (2004) compared recent changes in vegetation with changing occurrence
of Chinese dust storms and found that the effect of prior summer vegetation on the
variation of spring dust storms is particularly evident in the central and eastern part of
northern China. However in the north western Chinese desert areas vegetation is too
sparse to have a major influence on the occurrence of dust storms. In summary,
vegetation might be important for the global dust emission, but the effect from
vegetation simulated in dust cycle models cannot be verified from Greenland ice core
dust records because these are not influenced significantly by changes in vegetation.

While modellers have focused on influences on dust emission by vegetation, the
emission factor also depends strongly on soil type (Tegen et al., 2002). One limitation in
many dust cycle models is a simplification of wet deposition by using only a single
scavenging coefficient. Another limitation in dust cycle models is that they account for
transport modifications of the size distribution by tuning the size distribution of the
emitted dust (Mahowald et al., 1999). Gong et al. (2003) inferred the soil grain size
distribution, for accurate simulations of spatial and temporal distributions of dust storm
events. They simulated April 2001 Chinese dust storm emissions and long-range
transport to North Pacific and North America. Their simulations of dust emission yields
reasonable spatial and temporal distributions compared with observations. Further Gong
et al. (2003) simulate spatial and temporal properties of the long range transport that
correlate reasonably well with observations. Their simulation of the long-range
transport of the dust plumes showed that the vertical atmospheric distribution peak
altitude was 4000-5000 m over the North Pacific and 5000-7000 m at the North
American coast. As the dust moved across the North Pacific concentrations were
reduced considerably due to wet and dry depositions, affecting dust at lower altitudes
more than dust at high altitudes.

An attempt to model ice core sea salt concentrations for present and LGM conditions
was made by Reader and McFarlane (2003). Their simulated deposition rates in
Greenland of sea salt from open oceans were much lower than observed. Further they
simulated a tenfold lower concentrations for LGM than for the present which is in
contrast to the observed almost tenfold higher concentration during LGM. Considering
sea ice brines as a possible source to sea salt aerosol, and assuming that 1-2 % of the
global sea salt aerosol comes from sea ice, they simulated a 4-5 fold higher
concentrations for LGM than for the present — a result that matches observations better,
although it is very sensitive to parameterizations of wet depositions and precipitation.
The source parameterization of Reader and McFarlane (2003) is based on sea ice
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coverage and not on formation of sea ice and is therefore unrealistic because salt brines
only exist on top of freshly formed sea ice (Wagenbach et al., 1998). Furthermore their
chosen parameterization of wet deposition for LGM might not be realistic but it was
necessary for achievement of realistic ice core concentrations. Readers and McFarlane
(2003), conclude that the discrepancies between their results of ice core concentrations
and measured data both for sea salt and dust are likely to be due to underestimations of
LGM wind extremes and errors in transport patterns.

2.8 Atmospheric circulation during the last glacial period

During the last glacial period large continental ice sheets, extended mountain glaciers,
and a decreased sea level resulted in markedly different topographic conditions, which
not only have set the physical boundaries for the atmosphere, also height and albedo
effects from glaciers and ice sheets influenced air pressures and temperatures.
Furthermore during the last glacial sea surface temperatures and sea ice extent were
much different from today. Due to these different conditions a strong modification of
the glacial jet stream patterns should be expected.

Major efforts have been made in computer simulations of atmospheric circulation for
the climate conditions of both present day and LGM. Simulations of past climate
conditions mainly serve the purpose of evaluating numerical models. The global and
regional climate conditions of the LGM represent the largest difference in recent time
from present day conditions and therefore represent an extreme challenge for climate
models. Although it is not their major goal, the model simulations provide results that
are useful for analyses and interpretations of paleoclimatic data.

General Circulation Models (GCM) simulate influences of various forcing on global
climate conditions. Such forcing includes insolation and radiation balance, which
depends on surface and cloud albedo and on the atmospheric content of greenhouse
gases. These simulations are limited by computer capacity and performance and
therefore often GCM’s have been restricted to simulate only a subsystem within the
global climate system using prescribed boundary conditions. The atmosphere responds
fast to climate change and is therefore the climate subsystem that is most suitable for
computer simulations (Hewitt et al., 2001).

For atmospheric GCM simulations of the LGM, the boundary conditions are obtained
from paleoclimate reconstructions, such as sea surface temperature reconstruction from
the CLIMAP members (1981) and the ice sheet topography reconstruction of Peltier
(1994). One major limitation in the GCM’s is the spatial resolution in the models, but
uncertainties in the boundary conditions add large uncertainties to the model output.
The Paleoclimate Modelling Intercomparison Project (PMIP) has evaluated and
compared atmospheric GCM’s using the same boundary conditions in all models in
order to determine which results are model dependent (Joussaume and Taylor, 2001).
Atmospheric coupled GCM simulations have reached very different conclusions about
LGM large scale wind patterns. In general, atmospheric GCM’s obtain for LGM a
strengthening of the jet stream, due to increased surface temperature gradients, and a
southward displacement over North America, due to the Laurentide ice sheet (e.g.
Bartlein et al., 1998). Simulations using the first version of Climate Community Models
(CCMO0), suggested a split jet stream pattern over North America, which during winter
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brought cold air to the North Atlantic via the corridor between the Laurentide and the
Greenland ice sheets (Kutzbach and Wright, 1986). During winter the strongest jet
stream was found in the North Atlantic, whereas during summer a very strong jet stream
was found along the southern branch over North America. The CCMO has been
followed by the more advanced versions CCM1, CCM2, CCM3, that include more
details in the climate system, better climate models, higher spatial resolution, improved
boundary conditions, and better resolution in time. The later CCM versions used lower
reconstructions of the Laurentide and the Scandinavian ice sheets than the CCMO0 and
therefore their simulations did not support a split jet stream during the LGM.

According to the discussions in the previous sections about transport of dust and sea salt
to the Greenland ice sheet, a more southerly migrating jet stream would result in less
favourable conditions for dust and sea salt aerosol reaching Greenland. This is not
consistent with Greenland ice core records that indicate much higher concentrations of
dust and sea salt aerosol for the last glacial period than at present. New results from the
NorthGRIP ice core (NorthGRIP members, 2004) suggest a regional effect in
precipitation during the last glacial period, where the NorthGRIP ice core represents a
more northerly pathway for the moisture than the GRIP ice core, with a possible source
in the North Pacific.

A very resent simulation using a regional meso-scale model (polar MMS5), with
boundary conditions generated from a CCM3 simulation, suggests a strong seasonality
in the jet stream with a split winter configuration over the Laurentide ice sheet
(Bromwich et al., 2004) (see Figure 2.7). In this simulation the winter configuration is
characteristic for a strong northern branch of the jet stream and a weaker southern
branch. During spring the northern branch intensifies and then fades out during summer
while the southern branch moves slightly north. In this winter configuration the polar
vortex is moved to the east of Greenland, and is therefore not limiting the northern
transport to Greenland.

A strong jet stream north of the Laurentide ice sheet during winter could effectively
have transported dust from Western China and sea salt from the North Pacific to
Greenland resulting in much higher ice core concentrations for LGM than for the
present.
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Figure 2.7: Polar MM5 LGM January (left) and July (right) monthly mean 500 hPa
geo-potential height and wind speed. The contour intervals are 60 m (from Bromwich et
al., 2004). During spring the northern branch of the jet stream intensifies before it fades
out and turns into the summer configuration.

2.9 Summary

Dust deposited onto the Greenland ice sheet during the last glacial period and at present
is most likely from sources located in the East Asian desert areas. The spring peak
observed in Greenland ice core dust records is associated with the Chinese dust storm
season both at present and during the last glacial. During LGM the dust storm season
might have been longer and a stronger jet stream could have generated dust storms more
frequently. Results from dust model simulations suggest that dust emission from
Chinese deserts mainly is influenced by surface winds. Furthermore, correlations of dust
storms in the western Chinese desert areas with vegetation cover shows that dust
emissions in these areas are not influenced by vegetation cover.

Upper level wind patterns indicate conditions for emission and uplift at the surface as
well as conditions for long-range transport. The key to understand the large-scale
patterns of the long-range transport of dust and sea salt aerosol to Greenland is a
consideration of the large variations in upper level wind patterns. Because of the high
frequency of those variations a persistent seasonal pattern appears in Greenland ice core
records of mineral dust and sea salt. Greenland ice core records of dust and sea salt
therefore reflect large-scale patterns of upper level winds in the northern hemisphere.
Upper level present day wind patterns suggest a common transport path for dust and sea
salt over the North Pacific and North America and then north wards in the North
Atlantic, with possible source areas for sea salt both in the North Pacific and in the
North Atlantic. The different seasonality of dust and sea salt observed in Greenland is
likely to be an effect of soil moisture that inhibits dust emissions during winter.
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Global dust cycle models have had difficulties obtaining realistic simulations of dust
depositions in Greenland at present. Ignoring modifications of particle size distributions
during wet depositions and a bad parameterization of grain size properties in source
regions could be the simplifications that cause the large uncertainty in model simulation
of the global dust cycle. Furthermore the parameterizations of the wet deposition
themselves might also be a source for uncertainty in model predictions. Simulations of
the LGM dust cycle could be further limited by uncertainties in the reconstruction of
transport pathways and wind speeds.
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Abstract: lon chromatograph%/ is a widely used technique to analyse ice cores for ions
like Na*, NH,*, K*, Mg¥, Ca**, F', MSA", CI', NO3 and SO4* that are present in polar
ice cores at ppb level. By using sample pre-concentration and an optimised separation
technique we have been able to detect Li* in ice core samples in concentrations as low
as 0.0001 peq-kg™ or 0.7 ppt by ion chromatography. During routine analysis of ions in
ice cores, the lithium content has been evaluated and recorded. The IC technique used in
these measurements and some exemplary IC data from the GRIP (Greenland Ice Core
Project) and the NGRIP (North Greenland Ice Core Project) ice cores will be presented.
By these data we introduce Li* concentration as a new parameter in the analysis of ice
cores.

Like other ions Li* reflects climatic changes and shows seasonal cycles. On the basis
of the geochemistry of lithium we suggest that Li* measured in the Greenland ice cores
is derived from mineral dust. However data from the NGRIP ice core that represents the
8.2 ka BP Holocene cold event show a strong Li* signal that does not correlate with any
other ionic component measured. This means that the lithium content in ice cores is a
signal with its own pattern, which is not yet understood.

3.1 Introduction

lon chromatography is a convenient and reliable method and is widely used to analyse
soluble chemical components like Na*, NH,*, K*, Mg?*, Ca?*, F, MSA’", CI', NO;3 and
S04 in ice cores where these ions are present at the ppb level (e.g. Mayewski et al.,
1997). Two of the main contributors to the Greenland ice core ion chemistry are sea
salts and ions released from mineral dust particles. The Na* concentration is often taken
as an indicator for the content of sea salt aerosols. Non-sea salt contributions to the
contents of various ionic components in ice cores can be evaluated by subtraction of the
sea salt contribution (e.g. De Angelis et al., 1997). The content in Greenland ice cores of
soluble Ca?* correlates well with the content of insoluble dust (Steffensen, 1997) and it
is well established to use the Ca** concentration as an indicator for the content of dust
aerosols (e.g. Fuhrer et al., 1999). The insoluble mineral dust aerosols are mostly
aluminum silicates (e.g. Laj et al., 1997; Svensson et al., 2000). Iron and aluminum are
therefore better tracers for insoluble dust aerosols than Ca®*, but the amount of data
from analysis of these elements in ice cores are limited due to the tedious analytical
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technique. Contributions to ions in Greenland ice cores other than sea salt and mineral
dust aerosols can be aerosols of biogenic or volcanic origin.

Very little has been reported about ion chromatographic measurements of lithium in
geological samples. The reason for this is that up to now the ion chromatographic
technique has been insufficient. lon chromatographic methods for measuring Li* were
optimised by Papoff et al. (1991), who measured Li* along with other cations using
column switching, and by Singh and Abbas (1996), who measured only mono-valent
alkali metals. After sample dilution they measured Li* in concentrations down to 0.5
peg-kg™. But since their work ion chromatographic techniques have improved
markedly. Today the separation of all components of interest is easily performed in a
single run and the procedures for measurements and data evaluations have become
automated to a high degree. Lyons and Welch (1997) measured Li* concentrations in
stream and lake samples during ion chromatographic analysis of chemistry in waters
from the McMurdo Dry Valleys, Antarctica. They report a detection limit of 0.01
neg-kg™ and after sample dilution, they were measuring Li* concentrations down to
about 0.1 peg-kg™. In this work we present an ion chromatographic method, where Li*
concentrations down to 0.0001 peq-kg™ or 0.7 ppt can be measured and we introduce
the Li* concentration as a new parameter in the analysis of ice cores.

Upper crust Sea water
Lithium (ppmw) | 22 0.19
Li/Ca (eq./eq.) | 0.0022 0.0014
Li/Na 0.0028 0.061-10°
Li/Mg 0.0029 0.27-10°
Na/Ca 0.76 23
Mg/Na 1.0 0.22
Mg/Ca 0.76 5.1

Table 3.1: The average lithium and relative lithium abundance in the upper crust and
seawater (from Holland (1984) and Wedepohl (1995). The ratios are given in
equivalents/equivalents.

Since sea salt and mineral dust aerosols are two of the main contributors to ion
chemistry in Greenland ice cores, we consider the contribution of these two sources to
the Li* content in our samples. In Table 3.1 the abundance of lithium relative to other
elements in the Earth upper crust and in seawater is listed. In seawater the molar ratio
between lithium and sodium is 0.061-10 (Holland, 1984), which is much lower than
the ratios we have measured. We therefore assume that the origin of lithium in
Greenland ice cores is mainly mineral dust aerosols. This assumption is supported by
recent analysis of single particle aerosol using aerosol time-of-flight mass spectrometry
in air masses in Southern California. There Silva et al. (2000) detected lithium in soil
dust particles, and Hughes et al. (2000) used lithium along with aluminium, iron and
calcium as an indicator for mineral dust particles in the analysis of the evolution of
various atmospheric particles. In Earth upper crust the lithium and calcium contents are
22 ppm and 29450 ppm (Wedepohl, 1995) corresponding to 3.1 meq-kg™ and 1.47
eq-kg™ respectively. Lithium has a very low solubility in water but a very high mobility
during chemical weathering processes and replaces magnesium in rocks and minerals
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(Heier and Billings, 1970). The lithium content in minerals varies (see Table 3.2) and
the concentration of lithium in clays and sedimentary rocks are much higher than in
igneous rocks and fresh basalts. In fresh basalts the contents of lithium is typically 5
ppm, whereas the contents in some clay minerals can be 150 ppm (Holland, 1984).
Lithium is not likely replacing calcium in minerals and in marine carbonates the content
of lithium is very low (Hoefs and Sywall, 1997). Because of this variation in lithium
contents in minerals, the relative concentrations of Li*, Mg* and Ca®* measured in
Greenland ice cores might be useful in the study of mineral composition of dust
aerosols.

Clay and Sands Carbonates
Clay shales and Silts

Li gre (PPMW) 40 18 2

Liavg (PPMW) 80 36 13
Li/Caqr(eq./eq.) | 0.0033 0.0010  0.00002
Li/Caayg (eq./eq.) | 0.0045 0.0034  0.00013
Mg/Ca gt (eq./eq.) | 0.87 0.41 0.02
Mg/Ca ayq (eq./eq.) | 0.64 0.62 0.27

Table 3.2: Lithium content in some quaternary (qrt) and average (avg) sediments in
ppmw and ratios in equivalents between lithium and calcium in some quaternary
sediments. Data are evaluated from Holland (1984) and from Hoefs and Sywall (1997).

Here we present exemplary Li* profiles along with Ca* profiles from three different
data series. One series is representing 70 years around 400 years BP from the North
Greenland Ice core Project (NGRIP) Holocene ice core (personal communication from
[H.B. Clausen], February [2001]) where a seasonal signal in the Li* profile can be seen
and where Li* was measured in concentrations as low as 0.0001 peqg-kg™ or 0.7 ppt.
Another series is representing the Greenland Ice core Project (GRIP) ice core Greenland
Stadial 21 to Greenland Inter Stadial 20 transition approximately 75 ka BP (Dansgaard
et al., 1993; Walker et al., 1999). The third series we have chosen to present is from the
NGRIP ice core representing approximately 170 years around the Holocene 8.2 ka BP
cold event (personal communication from [H.B. Clausen], February [2001]). The 8.2 ka
BP event has been described by e.g. Klitgaard-Kristensen et al. (1998) and has been
analysed in the GISP2 ice core by Alley et al. (1997). In the NGRIP ice core series the
lithium profile shows a strange and incomprehensible behaviour during this event.

3.2 Ice core samples

The GRIP ice core was drilled during the 1990, 1991 and 1992 summer field seasons
and reached a depth of 3028 very close to bedrock (Dansgaard et al., 1993). The
NGRIP1 ice core was drilled during the 1996 and 1997 summer field seasons and
terminated at a depth of 1371 metres (Dahl-Jensen et al., in press).

Samples for ion chromatographic analysis were decontaminated and cut into 5.0 or
2.5 cm samples manually in a clean bench using a microtome knife and then stored
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frozen in Coulter accuvettes. Except for a few samples from the GRIP ice core all the
samples have been decontaminated and cut in the field.

From the NGRIP1 ice core the upper 350 metres were sampled for a continuous
record in 5 cm resolution and below 350 metres depth selected sections were sampled.

3.3 lon chromatographic method

The measurements of ions in the ice core samples were done using a DIONEX 500
micro bore ion chromatograph equipped with a two-channel set-up for simultaneous
measurements of cations and anions. Each channel has a pre-concentration column,
gradient pump, suppressor and a conductivity detector. The samples were decanted into
5-ml sample vials and injected into the ion chromatograph by an auto-sampler. From
each sample a 3-ml portion was injected into the cation system and a 1.5-ml portion was
injected into the anion system. The separation of the ionic components was done within
20 minutes for both cations and anions.

The cations were separated on lonpac CS12 2mm columns using a gradient mixture
of 20 meq-kg™ methane-sulfonic acid and 18 MQ water as eluent with a flow rate of 0.5
ml-min™. The initial eluent concentration was 9 meq-kg™ methane-sulfonic acid with a
gradient increase up to 16 meqg-kg” between 2 and 12 minutes. Between 12 and 16
minutes the eluent concentration was constant at 16 meg-kg™ and then changed back to
9 meq-kg™ for the baseline to relax.

The application of a pre-concentration column decreases markedly the effect of the
water dip in the beginning of the chromatograms and therefore a large sample volume
can be injected. Since lithium is present in ice core samples in very low concentrations a
large sample volume is essential for the detection of lithium. The decreased effect of the
water dip is also an advantage because Li* is the first component in the cation
chromatograms. With a low initial eluent concentration the lithium peak is distant to the
water dip and a good separation of the first four components Li*, Na*, NH;*, K* is
achieved. A high eluent flow rate ensures a low detection limit since the component
peaks are easier to distinguish from baseline noise. Important for a low detection limit is
a high chemical purity of the eluent and optimally working pump and suppressor. The
gradient in the eluent concentration is applied for the components Mg®* and Ca?* to be
measured along with the mono-valent cations within 20 minutes. The chromatograms
were integrated using the Peaknet 4.30 software and the peak heights were used in the
data evaluation except when the peak area seemed to be more reproducible. In Figure
3.1 the detector responses of the first four components in the cation chromatograms are
shown for a standard solution and for a sample solution. The Li* concentration in the
standard solution is 0.2 peg-kg™ and the Li* concentration in the sample was evaluated
to 0.00025 peq-kg™.

Reproducibility and linearity of the Li* response was tested on solutions with Li*
concentrations of 0.2 peq-kg™, 0.02 peqg-kg™, 0.002 peqg-kg™ and 0.0002 peqg-kg™. The
tests showed no significant deviation from linearity of the Li* response for
concentrations down to 0.002 peq-kg™. For 0.0002 peq-kg™ Li* the tests showed a
positive deviation from linearity of less than +20%. This means that using a linear
calibration curve Li* concentrations evaluated to around 0.0002 peqg-kg® are
overestimated by less than 20%. The standard deviations for repeated measurements of
solutions with Li* concentrations of 0.2, 0.02, 0.002 and 0.0002 peqg-kg™ was <5%,
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<5%, 10% and 10% —15% respectively. After standard solutions of 0.2 peg-kg™ Li* and
4.1 peg-kg™ Ca?* two blank solutions were measured. In the first blanks an average of
0.0001 peqg-kg™ Li* was measured with a reproducibility of 17% corresponding to a
carry over of 0.07% of the previous standard solution. There was not detected any Li* in
second blanks. For Ca?* there was carry over of 4% in the first blanks.

During routine ion chromatographic measurements of ice core samples from various
ice cores the Li* content was evaluated and recorded. The detection limits for
components in the chromatograms depend on how well the system was running. For an
optimally working system the detection limits, taken as three times the height of
baseline noise, were 0.0001 peqg-kg™ for Li* and 0.0002 peq-kg™ for Ca®*. In practice
calcium has a much higher detection limit of 0.05 peq-kg™ which is determined by
blank concentrations. During automatic data evaluation the detection limit is controlled
by parameters in the integration software and it was possible to detect Li* peaks smaller
than corresponding to 0.0001 peqg-kg™ in chromatograms of high quality. This means
that Li* concentrations as low as 0.0001 peq-kg™ or 0.7 ppt. were evaluated. During
routine IC measurements the limit for automatic detection of Li* could vary between
0.0001 and 0.0003 peq-kg™ depending of the quality of the chromatograms.

0.62F

(nS)

0.60F Sample

20

15F
(nS)

10

5 -
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Time (min)

Figure 3.1: The detector response vs. time for the first four components in the cation
chromatograms is shown for a sample solution and for a standard solution. The cations
measured are Li*, Na*, NH,", K, Mg’" and Ca’". The Li* concentration in the
standard was 0.2 ueqkg”. The sample concentration of Li* was evaluated to
0.0003+0.0001 peq-kg”.

For quantification of ion concentrations a single standard solution was used.
Deviations from linearity in the detector response of very low Li* concentrations have
not been taken into account in the data evaluations. Therefore Li* concentrations around
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0.002 peg-kg™ have an error of 10% from reproducibility while Li* concentrations
around 0.0002 peq-kg™ have a total error of 30-35% from reproducibility and deviations
from linearity.

Contaminations of samples during manual sampling occasionally occur and show up
as spikes in the data profiles. A typical source of contamination is fingerprints and so
spikes in the sodium, potassium and chloride profiles are good indicators for sample
contaminations. During the manual sampling of NGRIP samples 4.4% of the samples
were marked as possibly contaminated. The marked samples have 91%, 76% and 33%
higher average concentrations of sodium, potassium and chloride. For lithium the
average concentration in the marked samples are 30% higher than in unmarked samples.
This shows that a few samples have been contaminated with lithium during the manual
sampling. We expect that contaminations that happened during manual sampling would
have affected several of the measured components and that samples contaminated with
lithium also is contaminated with other components. We therefore assume that sample
data, which look like usual data with respect to components other than lithium,
represent real ice core data with respect to lithium.

3.4 Presentation of data

Here we will show the Li* profiles along with the Ca** profiles for selected data series
in order to characterise the pattern of Li* concentrations in ice cores. The complete data
sets involving all the ionic components, that have been measured, will be presented and
discussed elsewnhere.

Holocene seasonals: From the upper 350 m IC-data profile of the NGRIP ice core Li*
was measured in sample sections corresponding to approximately 250 metres. We
selected a section from a depth of 96-109 metres for this presentation. The Ca** and Li*
profiles from the series are shown in Figure 3.2. This section corresponds to a time span
of approximately 70 years starting from approximately 400 years BP at 96 metres
(personal communication from [H.B.Clausen], February [2001]). With the 5 cm sample
resolution seasonal variations of ionic components can be recognized in the whole 350
metre data series and the Li* data show seasonal variations in line with Na* and Ca®".
But the resolution of the data series is not good enough to show any details in the
seasonal pattern. The average values of all the ionic components from the 96—109
metres section are typical for the whole 350-m series. The measured Li* concentrations
in this series are ranging between 0.0001 and 0.004 peq-kg® with an average of
0.0003+0.0001 peq-kg™. The ratio between the average concentrations of Li* and Ca*
is 0.0007+0.0002. This ratio is comparable to ratios of lithium and calcium contents in
various minerals (see Table 3.2).
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Figure 3.2: NGRIP Holocene seasonals. Ca’" and Li" profiles in 5 cm resolution from
a typical Holocene section of the NGRIP ice core. The section represents approximately
70 years around 400 years BP.

A glacial Stadial/Interstadial transition: From the GRIP ice core a 5-m section at
2582.25-2587.2 metres depth was analysed. This section represents the transition from
the Greenland Stadial 21 (GS-21) to Greenland Inter-stadial 20 (G1S-20) approximately
75 ka BP (Dansgaard et al., 1993; Walker et al., 1999). The Ca®* and Li* profiles are
shown in Figure 3.3. The data show that the Li* concentration is higher in the cold GS-
21 climate period than in the warmer GIS-20. This response to a change in climate is a
familiar pattern seen for most ionic components measured in ice cores (e.g. Mayewski
et al., 1997). Although the Li" profile looks noisy during the Inter Stadial the other data
from this series does not show any sign of contamination.

The average Li* concentrations and ratios between average concentrations of cations
for the three climatic periods represented by the Holocene and the glacial transition data
series have been evaluated and listed in Table 3.3. To compare the values of the
different climatic periods the errors are estimated on the basis of data reproducibility. In
Table 3.3 the ratio between Li* and Ca®* is varying with the highest value for the
Holocene series and the lowest value for the GS-21 series whereas the ratio between
nssMg®* (non sea salt Mg?*) and Ca** seem to be constant for the three climate series.
The ratio between Li* and Na" also seem to be constant.
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Figure 3.3: Ca’" and Li* profiles from the GRIP ice core showing the transition
between Greenland Stadial 21 and Greenland Inter Stadial 20 approximately 75 ka BP.

Climate series Holocene (NGRIP): GIS-20 (GRIP): GS-21 (GRIP):
Section 96.3—109.45 m 2582.3—-2585.3m  2585.7—2587.2m
8'°0 (%o) -35.47 -36.73 -41.58

Cca’* (pneg-kg?) | 0.51+0.03 1.41+0.08 7.8+0.4

Li* (ueq-kg™) 0.0003+0.0001 0.0008+0.0001 0.0019+0.0002
Li/Na (eg/eq) 0.0010+0.0002 0.0013+0.0002 0.0011+0.0002
Li/Ca 0.00066+0.00014 0.00053+0.00008 0.00025+0.00004
Li/Mg 0.0019+0.0004 0.0016+0.0003 0.0010+0.0001
Li/nssMg 0.0034+0.0007 0.0022+0.0004 0.0012+0.0002
Na/Ca 0.65+0.07 0.41+0.04 0.22+0.02
Mg/Ca 0.36x0.04 0.33+0.03 0.26%0.03
nssMg/Ca 0.20+0.03 0.24+0.04 0.21+0.03

Table 3.3: Average values of 5°0, average concentrations in ueq-kg" of Ca®* and Li*
and ratios between average concentrations of various cations evaluated for three
different climate series: A Holocene section of the NGRIP ice core, and two sections
from the GRIP ice core representing the Greenland InterStadial-20 and the Greenland
Stadial-21 climate series.

Holocene 8,200 years BP cold event: Another NGRIP data profile to be presented here
is from a 16.5-m series from a depth of 1221-1237.5 metres. The series represents
approximately 170 years during the Holocene 8.2 ka BP cold event (personal
communication from [H.B.Clausen], February [2001]). This series is particularly
interesting with respect to the Li* signal because the lithium content increases more than
one order of magnitude and the lithium signal does not seem to correlate with any other
of the ionic components measured.

In Figure 3.4 the 'O profile from NGRIP (personal communication from
[S.J.Johnsen], [2001]) is shown together with the Ca®* and Li* profiles of this series. In
the 820 profile the 8.2 ka BP event begins at approximately 1234.5 m depth and ends at
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approximately 1219.5 m. Ca*" concentrations are increasing slowly with time in the
beginning of this depth interval and seem to decrease again later during the event. Li*
concentrations start to increase with time more suddenly at a depth of approximately
1232 m, which is later than the beginning of the event in the §'®0 profile. The Li*
profile continues to increase through the whole data series and reaches values at the end
that are almost two orders of magnitude higher than the values from the deepest part of
the core section. This pattern of the Li* profile is not correlated to any other of the
measured ionic components. Unfortunately, our Ca®* and Li* profiles are not covering
the complete cold event so we do not know how the data profiles of Li* and Ca®* will
respond to the end of the event at approximately 1219.5 metres. We have removed data
from a few samples that were marked for possible contaminations. These samples had
higher values in both Li* and K*, which is a good indicator for contamination. The rest
of the data from this series does not show signs of contamination and the measured Li*
profile seems to be a real ice core signal. Samples were measured in random order,
which excludes the possibility that the Li* profile could be a systematic artefact from
the measurements.
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Figure 3.4: 6'°0, Ca’" and Li* profiles from the NGRIP ice core showing the Holocene
8.2 ka BP cold event. The Ca’" and Li* sections represent approximately 170 years. In

the deeper part of these sections the Ca’* and Li* concentrations are similar to typical
Holocene values.

Four-metre averages of concentrations and ratios between average concentrations
from this data series are listed in Table 3.4. The last column in this table shows values
from the deepest part of the section. In the 820 profile this part represents the climate
just prior to the cold event and the evaluated data from this part of the core have values
that are typical for data from the NGRIP Holocene section at 9-350 metres depth.
During the series the four-metre average value of &0 decreases about 1%. and Ca**
increases about 40%. Alley et al. (1997) report a decrease in 80 of 2 %o and an
increase in Ca®* of 60 % during the 8.2 ka BP event in the GISP2 ice core.
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Depth section | 1221 —1225m__ 1225 —1229m__ 12291233 m__ 1233 —1237.5m
8'°0 (%o) -35.35 -36.07 -35.61 -34.97
Ca’*(ueq.-kg™) | 0.54+0.03 0.61%0.03 0.50+0.03 0.430.02

Li* (ueq.-kg™) | 0.0033+0.0005 0.0020+0.0002 0.0011+0.0001 0.0002:+0.0001
Li/Na (eq./eq.) | 0.012£0.002  0.0074+0.0001 0.0040+0.0006 0.0006+0.0001
Li/Ca 0.006+0.001  0.0033+0.0005 0.0023+0.0003 0.0005:+0.0001
Na/Ca 0.50+0.05 0.45£0.05 0.57+0.06 0.78+0.08
Mg/Ca 0.360.04 0.34+0.03 0.360.04 0.41+0.04
nssMg/Ca 0.26+0.04 0.24+0.04 0.230.04 0.24+0.04

Table 3.4: Average values of 5°0, average concentrations in peq-kg" of Ca®* and Li*
and ratios between average concentrations of various cations evaluated for 4-m
sections from the NGRIP ice core Holocene 8.2 ka BP cold event series.

3.5 Discussion

Holocene seasonals and glacial transition: In the data series from the NGRIP
Holocene seasonal series and the GRIP GS-21/GIS-20 transition series we see that the
Li* profiles show the same pattern as Na* and/or Ca®*. We would expect this if the
sources for Li* are sea-salt and mineral dust. The ratios between the average values of
Li* and Na" measured range between 0.0010+0.0003 and 0.0013+0.0004, which is 20
times higher than the Li/Na ratio of 0.06-10° in seawater. This means that sea salt can
only contribute 5% of the Li* measured as long as no significant ion fractionation in sea
salt aerosols occurs. Such a fractionation has not been observed in Greenland ice cores
for other sea salt components. We therefore suggest that the Li* measured in the
Holocene seasonal series and the GS-21/GIS-20 transition series mainly is a dust
derived component.

If Li* originates from a mixture of different mineral types we expect to see varying
ratios between Li*, nssMg®* and Ca®* concentrations as the composition of mineral
types in the samples varies. In both series the Li/Ca ratio of individual samples varies
and has a lower limit of 0.0002. This lower limit of the Li/Ca ratio fits well to the
content of lithium in average marine carbonates (see Table 3.2). This supports the
assumption that lithium in the Greenland ice cores is of terrestrial origin and has a
potential application in the analysis of dust aerosols in Greenland ice cores.

Studies of insoluble dust particles in the GRIP ice core suggest that the origin of
these particles is eastern and central China (e.g. Svensson et al., 2000). But the source
of soluble calcium to the central Greenland ice cores and the relation to the insoluble
dust are not completely understood. There is a difference in the calcium/dust ratio in
different climatic periods (Steffensen, 1997). There is also a difference in the ratios
between dust derived ionic components in different climatic periods (De Angelis et al.,
1997). Laj et al. (1997) measured the insoluble part of the aerosols on filtered samples
and the total content of elements in evaporated samples using micro probe techniques.
They find that fractions of soluble K, Ca, S and Fe are different in different climatic
periods and that the correlation between soluble and insoluble contents of these four
elements is very poor. De Angelis et al. (1997) and Laj et al. (1997) suggest that a
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change in source contribution to mineral dust aerosols in Greenland ice cores occurs
during climate changes.

8.2 BP Holocene cold event: The data from the NGRIP 8.2 BP Holocene cold event
show an increase in the Li* concentration of more than one order of magnitude. The Li*
change that we see in the series is not correlated to any other of the measured ions. The
Li* profile from 9-350 metres in the NGRIP ice core shows nothing that is similar to the
8.2 ka BP series. Therefore the data from the 8.2 ka BP event represents a special event
with respect to Lithium. We cannot say if the Li* change that we see in the 8.2 ka BP
data series is directly related to the cold event. The time delay of the increase of Li*
concentrations relative to the decrease in the 8*°0 and the missing decrease later during
the cold period suggest that the pattern of the Li* concentrations seen in the series are
not directly linked to the temperature drop. But since the 8.2 ka BP event is a special
climate event, the increase in Li* could be indirectly related to some climate changes
taking place during the event.

Some clay minerals have relative lithium and calcium contents that correspond to the
high ratio of the measured concentrations of Li* and Ca*" in the 8.2 ka BP series. But it
is unlikely that such a high increase in the measured Li* concentration and no
significant change in other dust-derived components is only an effect of a change in
mineral composition due to changes in source contribution. We therefore have to look
for an additional source to Li* in this series. However we have no candidate for such a
source. To understand the lithium chemistry of the 8.2 ka BP series, additional ion
chromatographic measurements to extend the data series would be helpful to clarify if
the concentration of soluble lithium increases further and for how long time the lithium
event takes place. Analysis of the insoluble fraction of components and an analysis of
the mineralogy in this ice core series would also be of great value to study whether a
change in mineral composition or a change in the soluble fraction of lithium has caused
the increased Li" concentrations and what kind of changes in climate could be the
reason for such a change in lithium. Since the isotopic composition of lithium varies in
material of different geological origin (e.g. Hoefs and Sywall, 1997) an analysis of the
isotopic composition of lithium in this ice core series might give some evidence whether
the lithium is of volcanic origin or if it comes from secondary minerals.

3.6 Conclusion

The main result of this work is the introduction of the Li* ion in the ice core analysis.
We have shown that it is possible to measure a reliable lithium signal from ice cores in
concentrations down to 0.0001 peg-kg? using ion chromatography with a
reproducibility of 15% for concentrations close to the detection limit.

The data profiles of Li* from a NGRIP Holocene seasonal series and from the GRIP
GS21/GI1S20 transition series demonstrates that Li* data from ice cores have a potential
application in the analysis and interpretations of ice core dust chemistry. Future analysis
of the ice core chemistry of lithium may give a better insight into the chemistry of the
dust derived ionic components and the relation between soluble calcium and dust in ice
cores. The Li*/Ca®* relation can contribute to a characterization of calcium sources and
to an analysis of potential solubility effects on mineral dust particles. The Li*
component might also give some new information about ice core chemistry as
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suggested by the independent behavior of the Li* component to other species during the
8.2 BP Holocene cold event.

The NGRIP 8.2 ka cold event series represent a special lithium event where the
source of lithium to the ice core samples is unknown. Further ion chromatographic
measurements along with analysis of the insoluble fraction and isotopic composition of
lithium in this series would give information about the origin of the Li* measured in this
series.
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Chapter 4: Chinese lake playas and the 8.2 ka BP event

4. Evidence from the NorthGRIP ice core for rapid
development of playa areas from Western Chinese
lakes reinforced by the 8.2 ka BP Holocene cold event

This section is based on a poster titled "A lithium anomaly observed in the NorthGRIP ice core.”
presented at the Goldschmidt conference on Geosciences, Copenhagen 2004 by Marie-Louise Siggaard-
Andersen, Jorgen Peder Steffensen and Henrik Brink Clausen, Department of Geophysics, University of
Copenhagen, Juliane Mariesvej 30, 2100 Kbh,O.

Abstract: Greenland ice cores contain trace amounts of wind blown mineral dust
deposited onto the ice sheet. A fraction of the dust material is partly soluble. Analysis of
soluble ions in the NorthGRIP ice core has revealed a lithium anomaly in the dust
material around the 8.2 ka BP Holocene cold event. This anomaly is characterized by a
sudden increase in soluble lithium concentrations, still increasing over at least one
century, and reaching up to two orders of magnitude higher concentrations than prior to
the event. This lithium-anomaly occurs while none of the other soluble ions measured
show similar anomalies. Such an increase of a single soluble species is a unique event in
the ice core.

Geochemical properties of lithium suggest that the increase in soluble lithium
concentrations is due to lithium enrichments in the dust material characteristic for rock-
water interactions in the dust source area. Mineral dust in Greenland ice cores has
provenance mainly in Western and North-Western Chinese desert areas. We have
searched for special geological and climate conditions in these areas around the 8.2 ka
BP event that can explain increased lithium concentrations observed in the NorthGRIP
ice core.

Here we suggest that the lithium anomaly observed in the NorthGRIP ice core is a
signature from changes that followed the transition in the water balance in the dust
source area.

4.1 Background

The 8.2 ka BP event: The most prominent climate event during the last 10 ka seen in
Greenland 8'°0 records is a cold episode around 8.2 ka BP (BP = Before Present 1950
AD) that lasted approximately 200 years (Johnsen et al., 1992) (see Figure 4.1). As
indicated from marine sediment cores, the 8.2 ka BP event is caused by sudden drainage
into the Labrador Sea of enormous Laurentide melt-water lakes succeeding a long term
enhanced freshwater flux from the break-up of a partly marine based Northern Labrador
ice sheet (Klitgaard-Kristensen et al., 1998; Barber et al., 1999). Changes in ocean
thermo-haline circulation resulted in a temperature drop in the Northern and Tropical
Atlantic regions and severe drought in low latitudes (Hughen et al., 1996; Alley et al.,
1997, Grafenstein et al., 1998). The cooling scenario of the 8.2 ka BP event has raised
concern about consequences of global warming associated with greenhouse effects
inducing an increased fresh-water flux into high latitude oceans from melt water or from
increased precipitation (Broecker, 1997). Also the drought scenario of the 8.2 ka BP
event is investigated with respect to perspectives on drought and implications for the
future (CLIVAR/PAGES/IPCC, 2003).
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Figure 4.1: The climate record for the last 16 ka from the NorthGRIP ice core (5'°0
data from Sigfus Johnsen, Geophys. Dept. Univ. Copenhagen, unpublished data). The
top curve shows Ca’" concentrations that represent contents of mineral dust.

The 8.2 ka BP event in the NorthGRIP ice core: A detailed look at the NorthGRIP
8'%0 record shows that the 8.2 ka BP event represents a well-defined cold time interval
(see Figure 4.2). Within this interval soluble calcium concentrations are increased, but
not beyond the general variation in the Greenland Holocene calcium ice core records
from GRIP (Fuhrer et al., 1993) and GISP2 (O'Brien et al., 1995; Alley et al., 1997). As
indicated in Figure 4.2 lithium concentrations, however, increase suddenly one order of
magnitude some time after the 8.2 ka BP cooling. This increase continues during the
cold period and reaches concentrations that are two orders of magnitude higher than
concentrations prior to the event. Unfortunately we do not have data representing the
end of the cold period and immediately after but a series of lithium concentrations in the
NorthGRIP ice core representing the last 2000 years (unpublished data) shows
concentrations all through this series corresponding to the level prior to the 8.2 ka BP
event. The lithium anomaly observed in the NorthGRIP ice core of the 8.2 ka BP event
is not associated with a corresponding anomaly in any other ion species measured.
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Geochemical properties of lithium: The abundance of lithium in Earth’s crust is small
in view of its small atomic weight. Lithium fits poorly into mineral crystal structures
and is therefore more abundant in magma than in igneous rocks. Pure lithium minerals
are rare but occur as pegmatite, which is the last mineral crystallizing from a magma
chamber. Li" is very little soluble in water, but the solubility increases with temperature.
Therefore hot springs often contain relatively high concentrations of lithium and ocean
waters are provided with lithium from midocean spreading zones where hot magma is
injected directly up onto the ocean floor (Holland, 1984).

Rock-water interactions play an important role in lithium’s geochemical properties.
Although lithium is almost insoluble in water, it is rather mobile during contact between
rocks and streaming water, where lithium is leached from the parent rock and permeates
into clay minerals by ion exchange typically with magnesium (Heier and Billings,
1970). Clay-minerals can therefore be highly enriched in lithium depending upon the
weathering history. Also salt-lake brines in basins with no out-flow and long-term
alternating water balances can accumulate large amounts of lithium.

The technique used for measuring soluble lithium in extremely low concentrations in
ice cores has been developed recently and until now only little is known about lithium
in ice cores (Siggaard-Andersen et al., 2002).
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The geochemical properties of lithium suggest that the lithium anomaly at 8.2 ka BP
observed in the NorthGRIP ice core is a source related lithium enrichment of the dust
material.

A lithium anomaly in atmospheric dust could be a result of regional changes in source
emission properties due to regional changes in vegetation or aridity. Alternatively,
decreased lake-levels could result in exposure of lithium-rich lake sediments, enhanced
rock-water interaction in the source area prior to the 8.2 ka BP event could result in high
production of Li salts or Li-rich clay minerals, and larger supply to lakes of water from
hot springs could enhance the lithium content in lake sediments. These possible
scenarios for increases in the Li content in the dust-material suggest a major change in
the water balance in the dust source region around 8.2 ka BP.

Provenance of dust in the NorthGRIP ice core: Dust in Greenland ice cores has been
wind-transported by westerly winds from the Asian continent. Satellite observations of
atmospheric dust show that Chinese deserts are major global dust sources (Prospero et
al., 2002).

Neodymium (Nd) and Strontium (Sr) isotope analyses of the mineral dust deposited
recently at NorthGRIP have shown that this dust material origins mainly from the
Taklimakan desert in the Tarim basin north of the Tibetan Plateau (Bory et al., 2002;
Bory et al., 2003a) (see Figure 4.3). The Tarim basin is a major dust source area for
Greenland because of a high frequency in this area of spring dust-storms and because
dust in the Tarim basin is uplifted particularly high into the upper troposphere where it
is driven east-ward by the westerlies (Bory et al., 2003a). In contrast, dust from other
Chinese deserts is mainly deposited down-wind onto Chinese loess deposits (Zhang et
al., 1999; Sun, et al., 2001) or transported by mid-tropospheric winds to the North
Pacific (Bory et al., 2003a).

However, salt brines in the Qaidam basin, which is located east of the Tarim basin (see
Figure 4.3), accounts for 80% of Chinese lithium reserves or 1/3 of the lithium reserves
of all salt lakes in the world (Peihua and Pingxi, 1999). Satellite observations show
significant dust activity in the Qaidam basin (Prospero et al., 2002), and observations of
dust-storms show some occurrence of dust-storms in the Qaidam basin at present (Sun,
2002). This means that a small fraction of the dust material in Greenland ice cores could
come from the Qaidam basin. Since air dynamics for uplift of dust to the upper
troposphere is dependent on topographic conditions we can assume that the major dust
source areas at 8.2 ka BP were the same as at present. We will therefore seek for
environmental changes around 8.2 ka BP in the region of desert areas north of the
Tibetan Plateau that could effect sudden lithium enrichments in the dust material in the
NorthGRIP ice core.
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Figure 4.3: Source provenance (Tarim basin) and transport path for dust deposited
onto the Greenland ice sheet. The lithium anomaly observed in the NorthGRIP ice core
might origin from the Qaidam basin.

(The figure is modified from Satellite Imagemap © 1999 Planetary Visions Limited).

4.2 History of lake status in the dust source area

Due to variations in monsoonal and continental precipitations and glacier melt over the
last 30 ka, large changes in the water budget occurred all over China in this period.
During the last glacial period inland basins in Western China were occupied by large
lakes, which, because of less precipitation and higher evaporation during Holocene, now
have dried out and turned into salt lakes or playas (Yu et al., 2001). About 276 Chinese
saline lakes are located mainly in the Western and Northern China. Lacrustine
sediments have been deposited in these lakes all through the Pleistocene and can be up
to 3000 m thick. The development of Chinese lakes can be recovered in lake-core
records of pollen, shells and algae as well as contents of gypsum and halite. Changes of
lake-levels recorded in lake sediments are good indicators of regional precipitation and
temperature variations.

The latest 30 ka sequence of lake status in Western Chinese lakes identifies three
periods of relatively high lake level of which the highest was before 28 ka BP, the
second highest was 21-17 ka BP and the lowest high-level stand was 7-6 ka BP (Yu et
al., 2000). Between these wet periods conditions were dry as indicated by salt-layers in
the sediment records.

Lake status in the Tarim and Qaidam basins: The Tarim pendi is located in the
Xinjiang province north of the Tibetan plateau and the Qaidam pendi is located in the
Qinghai province east of the Tarim basin. Both locations are in the arid Western China.
The Tarim and Qaidam pendi’s are large intermountain sedimentary high altitude
basins. Both basins have no outflow and hence evaporation has a major influence on the
water balance. Salt lakes in the basins are fed with water from mountain run-off and
precipitation over large catchments. Some of the lakes get a small amount of water from
ground water or hot springs associated with underground tectonic faulting (Yu et al.,
2001). At present the annual evaporation in these areas is around 3000 mm, which is
more than one order of magnitude larger than the annual precipitation around 50 mm.
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The Tarim basin was until recently (1950) drained into three lakes in the Lop basin in
the eastern part of the Tarim basin, but because of human activities in the region the
Tarim river stopped discharging water into the Lop Nur lake and in 1972 the lake
completely dried out (Xinhua News Agency, September 9, 2004). The Lop basin is rich
in evaporites (Beijing Time, Monday, November 24, 2003) that might contribute to dust
deposited onto the Greenland ice sheet. In Figure 4.4 is shown a satellite image of the
Lop Nur Lake. Former lake shore-lines made up of evaporitic deposits are clearly
visible. However we will exclude playas in the Lop basin as a possible source for
lithium because the resent drying of the lake is not followed by higher ice core
concentrations of soluble minerals and because cores from the Lop basin playa show
high lake stand around 8.2 ka BP and no evidence of major changes in the water balance
around that time (see Figure 4.5).

Figure 4.4: Satellite images of the Lop Nur lake playa located in the eastern part of the
Tarim basin. Mineral deposits around the playa indicate former lake shore-lines.

Large picture: EO Newsroom: New Images - The Wandering Lake
(http.//earthobservatory.nasa.gov). Small picture: Geomorphology from Space,
Goddard Space Flight Center, Distributed Active Archive Center,
(http://daac.gsfc.nasa.gov)

We will instead consider the Qaidam basin located north of the Tibetan plateau south-
east of the Tarim basin. Lake cores from the Qaidam basin show that the water balance
here changed significantly around 8.2 ka BP. Nine of 33 salt-lakes in the Qaidam basin
are located within the Chaerhan (also Qarhan) playa area, at 36.63-37.22 °N and 93.72-
96.25 °E, at an altitude of 2675 m.a.s.I. The Chaerhan playa contains 1/3 of the global
playa resources of lithium (Peihua and Pengxi, 1999). The stratigraphy of deep cores
taken from the playa and a lacustrine shell-ridge 29 m higher than the lowest lying salt-
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lake indicate that there was a large freshwater lake in the basin until 25 ka BP when the
lake became salt. Around 8 ka BP the Chaerhan salt lake turned into a playa (Yu et al.
2001) that today, with an area of 5856 km?, is one of largest playa surfaces in the world.
During the last 25 ka at least three salt layers (S1-S3) were deposited across most parts
of the Chaerhan Basin. Intercalated with these salt layers are units, indicating intervals
of relatively fresh water-conditions. The area of the youngest salt layer deposited during
the last 8 ka playa phase is more than two times larger than the previous layer, deposited
during a shallow salt-lake phase, indicating that water supply was significantly different
during the two phases of the lake.

A more detailed record of lake status changes in the Chaerhan salt lake is provided by a
101 m long sedimentary core (Core CK2022) taken from the playa surface at higher
elevation. The lake-status record obtained from this core is summarized in Figure 4.5
The characteristics of distinct sequences, dated according to the '*C chronology that is
somewhat younger than the calendar time scale, is described in Yu et al., (2001). Here is
given a short summary: Salt layers (S2-1 and S2-2) indicate that during time-periods of
20.6-16.0 "*C ka BP and 15.0-9.3 '*C ka BP the lake was shallow. The area of the salt
layer formed during this period was 2300 km” which is less than half the area of the
present playa. A layer formed between 9.3-8.1 '*C ka BP contains only 20% evaporite
minerals suggesting that the lake became deeper. This layer is succeeded by a salt-layer
(S3-1) formed during 8.12-4.94 'C ka BP suggesting the lake became shallower and
more saline. Between 4.94-3.80 '“C ka BP the lake became somewhat less saline and
deeper than formerly. Finally the uppermost layer with an area of the salt deposit larger
than any of the other salt units found in Chaerhan represents the most arid phase in the
history of this basin.

Evaporite contents in the CK2022 core and Lake Status Coding, indicating lake stands,
(after Yu et al., 2001) are given in Figure 4.5. Here is also shown temporal changes in
lake level and precipitation evaluated from the CK2022 core (after Lehmkuhl and
Haselein, 2000).

Another salt-lake in the Qaidam basin, Da Chaidan (also Da Qaidam) salt lake, is
located 37.83 °N, 95.23 °E, 3110 m above sea level and is one of two salt lakes
remaining from a mega fresh water lake, which began to shallow around 30 ka BP. The
characteristics of distinct sequences as described by Yu et al., (2001) show that
sediments deposited from 9.0-7.08 '*C ka BP are clay-rich indicating relatively fresh
water and high lake stand during this period. The overlying layer is rich in halite
indicating a shallowing of the lakes.

The Da Chaidan salt lake is located at lower altitude than the position of the CK 2022

core and may therefore respond to a shallowing of lakes in the Qaidam basin later (7.08
'C ka BP) than indicated by the CK 2022 core (8.1 '*C ka BP).
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Figure 4.5: The top curve shows evaporate contents in lake core CK2022 from the
Chaerhan playa (after Yu, 2001). Salt layers S1-S3 are indicated on the curve. The
middle curve shows Lake Status Coding by G.Yu and S.P.Harrison (from Yu, 2001). The
bottom curves show precipitation (blue) and lake-stand of the Chaerhan lake (red)
evaluated from the CK2022 core (after Lehmkuhl and Haselein, 2000).

4.3 Water balance in Western China

Glacier melting: Glaciers in Western China were widely expanded during the last
glacial maximum (Zhuo et al. 1998). During the Holocene optimum Western Chinese
glaciers rapidly retreated. Glaciers in the West Kunlun mountain area, south-west of the
Tarim basin, were 2.2 times larger in area during LGM than at present while glaciers in
the east Kunlun mountain area, south of the Qaidam basin, were 144 times larger in area
than at present (Shi et al., 2002). The large change in glacier area in east Kunlun is due
to the monsoonal precipitation conditions (Shi et al., 2002).

Wet and warm climatic conditions during the Holocene optimum resulted in more
rainfall and more glacier melt water draining to lakes and seas (He et al., 2004). Many
lakes in North Eastern China and on the Tibetan Plateau received melt-water to form
large lakes (Zhuo et al., 1998). The relatively high lake stand in the Qaidam basin prior
to 8 ka BP could be a result of glacier melt. Water streams from catchments and glacier
melt could have leached large amount of lithium and caused enhanced accumulation of
lithium in lake sediments. The succeeding cold conditions during the 8.2 ka event could
have reduced mountain glacier run-off and caused shallowing of lakes whereby dust
from lithium rich playas could be exposed to the atmosphere. However glacier retreat
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was relatively slow before 8 ka BP (Zhou et al., 1998). Furthermore synchronous
increases in water balance and ice balance in Tibet and Xinjiang around LGM has been
reported in Chinese literature (e.g. Yu et al., 2000). Coarse particles in the Chaerhan
lake sediments representing small glacier advances at about 9 and 4.5 ka BP are
coinciding with the periods of enhanced lake-stands (Lehmkuhl and Haselein, 2000).
The high lake stand in the Qaidam basin prior to the 8.2 ka BP event is therefore more
likely an effect of enhanced precipitation.

Monsoonal circulation: Precipitation and temperatures in China are influenced by the
Asian monsoonal circulation, which is a complicated and unique climate system. The
Asian monsoon system has three relatively independent subsystems; the East Asian
monsoon, the Indian monsoon, and the Tibetan plateau monsoon (see Figure 4.6). The
East Asian monsoon is controlled by the land-ocean contrast induced by sun-heating of
the South East Asian continent and brings moist air to Eastern China from the Pacific
during summer. The Indian monsoon circulation is associated with convection of moist
air in the inter-tropical convergence zone and brings moist marine air from the Indian
Ocean to Western China during summer (An et al., 2000). The winter monsoon is
associated with the Siberian high pressure system and brings dry and cold continental
air from the north and north-west to Western and Central China. The Tibetan Plateau
monsoon is controlled by sun heating of the plateau it selves and interacts with the
winter monsoon and the Indian summer monsoon systems.

Western and North-Western China is located too far inland for the Asian summer
monsoons to bring significant amounts of precipitation from the Pacific and Indian
Oceans why this area is arid and occupied by large deserts. North-Western China is
during summer provided with moisture by continental westerly winds associated with
the jet-stream. During winter the jet-stream moves south but the Tibetan Plateau splits
the jet-stream and the northern branch passes over North-Western China. Western China
is therefore dominated by westerly winds throughout the year (Lehmkuhl and Haselein,
2000; Yu et al., 2003; He et al., 2004). The summer and winter wind systems in East
Asia are shown in Figure 4.6 where also present day ranges of the different Asian
monsoons are roughly indicated (After Yu et al, 2003). During the glacial period a weak
East Asian summer monsoon resulted in dry conditions in Eastern China while stronger
westerlies brought more moisture to Western China, where conditions due to more
precipitation and less evaporation were much wetter than today (Yu et al., 2000;Yu et
al., 2003).

Ice core records from Gulian ice cap located south west of the Tarim basin (Thompson
et al., 1997), and from the Dunde ice cap located north of the Qaidam basin (Thompson
et al., 1989), reflect continental and monsoonal precipitation regimes respectively (He et
al., 2004) (see Figure 4.7). Penetration of the Indian monsoon results in high summer
rain fall on the central and eastern Tibetan Plateau (Yu et al., 2001). Also some East
Asian monsoon rain falls in the eastern part of the Tibetan plateau. Shi et al., (2001)
connected precipitation in the Qaidam basin with the Indian summer monsoon.
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Figure 4.6: Main wind directions in central Asia for summer and winter (modified after
Lehmkuhl and Haselein, 2000). Range limits for the different monsoons at present are
indicated (after Yu et al, 2003). The East Asian summer monsoon is governing Eastern,
and North-Eastern China while the Indian summer monsoon is governing Southern
China and Southern Tibet and, modified by the plateau summer monsoon, also parts of
the Tibetan plateau. The Asian winter monsoon governs almost the whole of Western
and Central China. On the Tibetan Plateau the winter monsoon becomes associated
with the plateau winter monsoon. The Tarim and Qaidam basins are indicated on the
left Figure. Locations of the Guliya and Dunde ice caps are indicated on the right plot.

The monsoonal circulation exerts large changes in intensity and range on a
Milankowitch timescale (An, 2000), and on a millennial time scale as well (e.g. An,
2000; Gupta et al., 2003). Due to different controls the Asian monsoons vary
asynchronously (He et al, 2004), (An et al., 2000), (Shi et al., 2001).

Regional changes in precipitation: Conditions for precipitations in the regions around
the Tarim and the Qaidam basins can be derived from the Guliya and the Dunde ice
cores respectively (see Figure 4.7). The continental Guliya ice core shows high §'*0
during 11.5-7.0 ka BP, refecting the Holocene optimum with high temperatures. In
contrast decreases in 8'°O in the Dunde ice core might reflect monsoon penetration
further inland, with increases of monsoonal precipitation as well as higher temperatures
in the periods 8.5-9 ka BP and around 5-6 ka BP (He et al., 2004). These periods of
higher monsoonal precipitation at the Dunde ice cap are consistent with periods of
enhanced precipitation in the Qaidam basin derived from the CK 2022 core from the
Chaerhan salt lake.
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Figure 4.7: 8'%0 records from the Dunde and the Guliya ice cores reflecting monsoonal
and continental precipitation respectively (from He et al., 2004).

An et al., (2000), found that the zone of peak rainfall conditions associated with the East
Asian summer monsoon shifted latitudinally across China during the Holocene in
response to natural variations in solar radiation. However, while northern hemisphere
insolation increased before 15 ka BP, the East Asian Monsoon did not increase until 9
ka BP due to remnant ice sheets, low atmospheric concentrations of CO, and low air
temperatures (An et al., 2000). Due to the high altitude of the Tibetan Plateau this
region responses earlier and is more sensitive to global climate changes. Thus the
Holocene optimum occurred earlier and lasted longer on the western part of the Tibetan
plateau that on the eastern part that is influenced by lower altitude monsoonal climate
(He et al., 2004). In South-Western China precipitation peaked at 12 ka BP in
association with the development of the tropical Indian summer monsoon that was
favoured due to a warming of the Tibetan Plateau between 15 and 12 ka BP and a
significant rise of sea level (An et al., 2000). An Indian monsoon proxy from the
continental margin of Oman, Arabian Sea, indicates that the Indian monsoon was
enhanced around 10 ka BP and again at 8.8 ka BP (Gupta et al., 2003). Decreases in
snow and ice cover on the Tibetan plateau after the transition might have assisted in a
strengthened monsoon in the Qaidam basin at 10-8 ka BP (An et al., 2000). This means
that both the Indian and the East Asian monsoons were intensified prior to 8 ka BP and
ranging further inland.

Gupta et al., 2003, found discrete intervals of weakened strength of the Indian summer
monsoon throughout the Holocene correlating with millennia scale cold events in the

57



Chapter 4: Chinese lake playas and the 8.2 ka BP event

North Atlantic where the North Atlantic 8.2 ka BP cold event appears prominent in the
Indian monsoon proxy record (see Figure 4.8).

Indian monsoon proxy
lloides (%)

G.by

| | | | |
2 4 6 8 10
years (cal. ka BP 1950 AD)

Figure 4.8: Indian monsoon proxy from the Continental margin of Oman, Arabian Sea,
given as the percentage of G.bulloides that is planktonic foraminifera, which is sensitive
to the monsoonal atmospheric pressure gradient. The long term trend during Holocene
matches changes in July insolation. The record shows intensified Indian monsoon at 10
ka BP and at 8.8 ka BP, and a weakening around 8.2 ka BP. (Data are from Gupta et
al., 2003b)

4.4 Discussion and Conclusions

The observed lithium anomaly around 8.2 ka BP in the NorthGRIP ice core suggest that
the aerosol dust material was enriched in lithium as an effect of rock water interaction in
the Western Chinese desert dust source areas.

A lake status record from the Chaerhan lake located in the Qaidam basin shows
evidence that the lithium anomaly in the NorthGRIP ice core around 8.2 ka BP is
simultaneous with the occurrence of the Chaerhan salt lake becoming a playa around 8
ka BP, thereby exposing large areas of lake sediments. A connection between this event
and the NorthGRIP lithium anomaly is further supported by the high abundance of
lithium in the Chaerhan lake playa.

The sedimentation of evaporitic minerals all through the period from 8 ka BP and to
present is not reflected in Greenland ice cores. The lithium anomaly seen in the
NorthGRIP ice core is therefore likely not to arise from evaporites but rather from clay-
minerals deposited during high lake stands and exposed immediately after the
shallowing.

The lake sediments might have become rich in lithium after a period of larger supply of
water to the catchments from monsoonal precipitation.

The rapid increase in lithium seen in the NorthGRIP ice core shortly after the onset of

the 8.2 ka BP cooling suggest a link between the development of the Chaerhan playa
and the 8.2 ka BP cooling.
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A weakening of the Asian monsoons during the 8.2 ka BP indicated by monsoonal
proxies suggest that the 8.2 ka BP event effected a retreat of the range of monsoonal
precipitation from inland Western China. Reduced precipitation combined with high
evaporation during the Holocene optimum could have resulted in rapid changes from
relatively wet into very dry conditions.

Disregarding the possibility of a contribution of lithium to the lakes in association with
tectonic activity our work suggests that analyses of lithium in Greenland ice cores
reveals details in rapid changes in regional monsoonal patterns in the Western Chinese
dust source areas.
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5. Soluble and insoluble chemistry of lithium in the
EPICA DomeC ice core

This chapter is based a poster presented at the EPICA session, EGU, Nice, April 26°th, 2004, by: M.-L.
Siggaard-Andersen (1,2), P. Gabrielli (3,4), J. P. Steffensen (2), Trine Stromfeldt (2), C. Barbante (3),
C. Boutron (4), H. Fischer (1), H. Miller (1) .

1) Alfred Wegener Institute for Marine and Polar Research, Columbusstrasse, 27568 Bremerhaven,
Germany. 2) Department of Geophysics, University of Copenhagen, Juliane Mariesvej 30, 2100 Kbh O,
Denmark. 3) Department of Environmental Sciences, University of Venice, Ca’ Foscari, I-30123 Venice,
Italy. 4) Laboratoire de Glaciologie et Géophysique de |’Environnement, B.P. 96, 38402 Saint Martin
d’Heres, Cedex, France.

Abstract: The EPICA DomeC (EDC) ice core has provided numerous records of
mineral dust species obtained by different analytical methods. Using improved
techniques of ion chromatography (IC) and Inductively Coupled Plasma - Sector Field
Mass Spectroscopy (ICP-SFMS) it was possible to measure lithium, which was recently
introduced among the dust species in the ice core records. The lithium ions are present
in ice cores in various salts and clay minerals, but in very low concentrations. The two
complementary EDC records of soluble and total contents of lithium, obtained using the
IC and ICP-SFMS techniques, have given the opportunity to analyse soluble and
insoluble properties of the dust material.

We investigated records of soluble Li" and Ca*, obtained by IC; records of insoluble
mineral particles, obtained by Coulter Counting (CC); and records of total contents of
Li" and Ba®" obtained by ICP-SFMS. First we noticed that the solubility of Li changes
significantly along the record. For the glacial period and for the Antarctic Cold Reversal
(ACR) a large fraction, up to 75 %, of the total Li content is present as insoluble
minerals whereas for the Holocene part all Li" is present as soluble salts. Our analysis
suggests that the changes in solubility of Li along the EDC ice core are related to
changes in mineral composition of the dust rather than to changes in pH of the ice.

A large difference in characteristics of the dust for the Holocene and for the glacial parts
of the records is a general feature in our comparisons. In the glacial part the various
records correlate linearly on logarithmic scales, indicating that the dust has been subject
to mineral fractionation processes. For the Holocene part the correlations between
different dust species is significantly different and much less pronounced.

Correlations of the soluble Li series with series for the various particle size fractions
show that for the glacial part soluble Li is mainly related to particles with a diameter
around 0.8-1pm, which is much smaller than the particle volume mode around 2 pm in
diameter. In contrast the content of lithium in the Holocene part shows an increasing
trend with increasing particle volume mode suggesting a relationship with large
particles.

The trend for soluble Li over the transition shows some features similar to the
unexpected increasing trend for the particle mode that recently was observed by
Delmonte et al., (2002), in the EDC ice core.

From our analysis it seems that the dust characteristics in the EDC ice core for the
glacial period represent a dust material that more or less disappeared after the ACR due
to weakened conditions for transport, whereas the dust characteristics for the Holocene
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part represent a partly different dust material that was introduced to DomeC after the
transition.
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Figure 5.1: Map of Antarctica with selected ice core sites marked on it (from Stenni et
al., 2003). Located in West Antarctica are only the Byrd and Siple stations. The other
sites are located in East Antarctica.

5.1 Introduction

The EPICA DomecC ice core: Dome Concordia (DomeC) in East Antarctica (75° 06’S,
123° 23’E) is located 3233 m above sea level and 800 km from the nearest coast, which
lies in the direction towards the Indian Ocean. In 1977-1978 an ice core (old DomeC)
had already been drilled at this site (Lorius et al., 1979; Jouzel et al., 1982). In
1996/1997 the European Project for Ice Coring in Antarctica (EPICA) started a new
DomeC deep drilling 50 km from the site of the old DomeC ice core. In the 1998/1999
field season the drill got stuck at a depth of 788 m and started again from the surface in
the season 2000/2001 (EPICA community members, 2004). The 788 m of ice core
obtained during the 1996-1999 seasons (EDC-96) covers the East Antarctic climate
history over the last 45,000 years.

45,000 years East Antarctic climate history from the EDC-96 ice core: The 788 m
long EDC-96 ice core covers the time period of Holocene and the later part of the last
glacial, including the Antarctic warming events A2 and Al with maximum temperatures
around 45 ka BP and 38 ka BP respectively. The EDC-96 climate record of deuterium
(6D), (Jouzel et al., 2001; Stenni et al., 2003) is shown in figure 5.2.

The last transition started around 19 ka BP, where Antarctic temperatures began slowly
to increase until around 11 ka BP. Within this period an Antarctic Cold Reversal (ACR),
14-12.5 ka BP, interrupted the warming trend. After 12.5 ka BP Antarctic temperatures

62



Chapter 5: Soluble and insoluble chemistry of lithium in the EPICA DomeC ice core

started to increase again and reached shortly after a climatic optimum that lasted until
9.5 ka BP.

Schwander et al. (2001), established a tentative chronology for the 788 m long EDC-96
ice core using a simple flow model and well known time markers.

Synchronizations of Antarctic and Greenland ice core records using the global
variations in the methane concentrations have shown that the ACR is roughly in anti
phase with the Bolling/Allerad warming in the north (Blunier et al., 1997) and that the
Antarctic warming events, Al and A2, are asynchronous counterparts to the large
Dansgaard/Oeschger events 8 and 12 (Blunier et al., 1998; Blunier and Brook, 2001),
which are observed in the Greenland ice cores (e.g. Dansgaard et al., 1993). Stocker and
Johnsen, (2003), explained the Antarctic/Greenland climate anti phase relationship in a
simple thermodynamic model for the Atlantic see saw involving the southern ocean as a
heat reservoir.

Records of chemical impurities: Antarctic ice core records of mineral dust and sea salt
respond strongly to climate changes and reflect source strengths and conditions for
transport with high concentrations for cold climate conditions (Petit et al., 1981;
Legrand et al., 1988; Petit et al., 1999).

Soluble Na" is an indicator for the contents of sea salt and is used to determine sea salt
contributions to other measured ionic species such as Ca”", which mainly is derived
from mineral dust (Rothlisberger et al., 2002). The dust might contribute little to the
soluble Na" contents (Réthlisberger et al., 2002; Bigler et al., in preparation).

Ca represents an alkaline constituent (CaCOs) that balances the relatively high ice core
concentrations of sulphuric acid and nitric acid, which are produced by marine
biological activity in the Southern Ocean and locally in the atmosphere during lightning
(Legrand et al., 1988). For dust concentrations above a certain threshold, acidity effects
on freshly deposited sea salt chloride are limited (Roéthlisberger et al., 2003). The
opposite effect on solubility of mineral dust species from atmospheric acidity was
considered by Laj et al., (1997).

Isotope analyses (Nd and Sr) of glacial dust material from the old DomeC and the
Vostok ice cores have suggested a source provenance in Patagonia (Argentina) possibly
mixed with a smaller fraction of dust from South Africa or Australia (Grousset et al.,
1992; Basile et al., 1997). A more recent analysis of glacial dust from the EDC-96
(EDC from now on) ice core and from other ice cores located in East Antarctica
confirms a Patagonian provenance (Delmonte et al., 2004). A very recent and more
detailed analysis has shown that dust deposited during the glacial period in East
Antarctica was distinctly of Patagonian origin but that the provenance might have
changed within South America during the Holocene (Bory et al., oral presentation at the
European Geosciences Union conference , Nice, April 2004).

Because of the very low snow accumulation rate at DomeC (1-3 cmra™) it is assumed
that dust and sea salt aerosol in the EDC ice core mainly is deposited under dry
conditions. Contents of chemical impurities are therefore often reported in terms of
fluxes rather than in terms of concentrations (e.g. Rothlisberger et al., 2002).

In Greenland ice cores warmer climate conditions are associated with smaller particle
size modes as atmospheric transport becomes less vigorous (Ruth et al., 2003). However
in the EDC ice core an unexpected increase in particle size mode during the transition
from the LGM to the Holocene was recently observed and explained as an effect of
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better conditions for transport of dust to East Antarctica after the transition (Delmonte et
al., 2002). Based on this finding it has been suggested that decreases in dust fluxes over
the last transition in the EDC ice core reflect decreased source emission due to changes
of weathering and vegetation cover in the source environment (Roéthlisberger et al.,
2002; Delmonte et al., 2002). However a more recent work by Delmonte et al., (2004),
has shown that the increase in particle size mode observed in the EDC ice core is a
regional effect in the DomeC area indicating an increased complexity of dust transport
to East Antarctica.

Although the records of sea salt and dust show similar patterns, changes in sea salt
fluxes are considered differently from changes in dust fluxes. The decrease in the sea
salt flux over the transition has been attributed to a decreasing intensity of meridional
atmospheric circulation (Stenni et al., 2001), a decreased contribution to sodium from
dust and a reorganization of the atmospheric circulation after the ACR (Réthlisberger et
al., 2002), and a decreased extent of sea ice (Wolff et al., 2003).

Changes in source strength and environments and changes in conditions for transport
will affect the characteristics of the dust material differently. Here we performed a
detailed investigation of chemical and physical properties of the EDC dust material as
reflected in the records of soluble Li" and Ca2+, total Li and Ba, dust mass and size
characteristics in order to see how these properties are affected by climate changes.

5.2 Data and experimental methods

Soluble ions: From the top 588 m of the EDC-96 ice core 55 cm long strips for IC
analysis were cut in the field and distributed between 5 European laboratories, where
the strips where manually decontaminated and cut into 2.5 or 5 cm sub-samples before
they were melted and measured.

From 588 m to 788 m samples for IC analyses were collected from excess melt water
during continuous flow analysis. The sample depth interval varies roughly between
10 cm and 50 cm depending on the amount of excess melt water from the flow analysis.
The IC Na and Ca records are measured in parallel with the high resolution Na and Ca
records obtained by Continuous Flow Analysis (Littot et al., 2002).

The IC record shows strong inter-laboratory dissimilarities in average contents for
several components (Littot et al., 2002). However the IC Na record from all 5
laboratories over the whole length of the ice core is relatively consistent (see figure 5.2).
For this work we have used data measured at the Dept. of Geophysics, University of
Copenhagen, where an optimized IC technique was developed for the detection of
soluble Li and where manually cut IC samples also were analysed by Coulter Counter
for concentrations and size characteristics of insoluble particles. The IC technique used
is described in Chapter 9.
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Figure 5.2: The EDC-96 IC-record of soluble Na' obtained from 5 European
laboratories and the deuterium record (0D) (Jouzel et al., 2001, and Stenni et al.,
2003). The sodium record is shown on a reversed axis for comparisons with the oD
record. The records reflect the Antarctic warm events Al and A2, the Last Glacial
Maximum (LGM), the transition, the Antarctic Cold Reversal (ACR), and the Holocene.
The dating shown is based on the EDC-1 chronology from Schwander et al., (2001).

Particle characteristics: Particle concentrations and size characteristics used in this
work was measured at the Geophysics department, University of Copenhagen from
excess IC sample volumes. From each manually cut sample bag, 4-6 samples had a
sufficient volume to be analysed using Coulter Counting.

To 4.8 ml of sample from the IC measurements 1.2 ml 10% NaCl were added and
measured in a Coulter Counter with a 30 pm aperture (see figure 5.3). Particles in a 500
ul sample volume were counted into 256 size resolving channels corresponding to
logarithmic diameter intervals and covering the size range of 0.4-14 um. The calibration
constant K, of 321.46 was obtained using 2.20 um diameter latex particles. With the
current set to 1600 pA and the gain set to 8, particle diameters corresponding to each
channel was calculated as:

] 1 (X—256j
Diameter =K, (2)0 50 ).

J/gain - current

The log linearity of particle size detection was tested using latex particles with a radius
of 5.06 pm.

Particles in a liquid suspension are not homogeneously distributed, and they have a
tendency to settle by gravity. Repeated sample particle counting showed in most cases
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reproducibility better than +15%. In the size distribution, around 0.7 pm, a sharp
artificial peak appeared, possibly due to micro bubbles generated in the purifying water
system. This peak does not disturb the particle log normal distribution with a volume
mode around 2 um in diameters.

Vacuum

Isotone

Sy

Pulse
detection

Electrodes

Sample Aperture Siphon with Hg

Figure 5.3: Basic principle of a Coulter Counter. Sample flow through the aperture is
driven by the siphon effect. The distance between the two contacts in the siphon
corresponds to a well defined volume. The sample is added NaCl solution to obtain
electrolytic properties, so an electrical current can run between the two electrodes.
When particles are passing through the aperture, they affect the electrical resistance,
and are detected as a pulse in the current. The size of the pulse depends on particle
volume. The setup is placed inside a Faraday cage to reduce electrical noise.

Total elemental contents: Discrete 55 cm sample strips for ICP-SFMS measurements
were decontaminated in ultra-clean environments at the Laboratoire de Glaciologie et
Géophysique de I'Environnement, Grenoble. From each strip two adjacent samples with
a length of 20 cm were obtained. From each sample a Sml aliquot was analysed for total
Li and Ba, both essentially of crustal origin, using using ICP-SFMS at the Department
of Environmental Science, University of Venice (Planchon et al., 2001; Gabrielli et al.,
2004).
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5.3 Analyses and results

The records of soluble and insoluble lithium: The EDC record of lithium is the first
Antarctic lithium ice core record. The soluble Li/Na ratio in the ice core is 8-10 times
higher than the corresponding molar ratio of 0.00006 in sea water (Holland, 1984).
Therefore we consider soluble Li as well as total Li in the EDC ice core to be essentially
a mineral dust species. The detection limit for Li is around 1 ppt for both IC (Siggaard-
Andersen et al., 2002) and ICP-SFMS (Planchon et al., 2001; Gabrielli et al., 2004)
which is sufficient for quantitation of Li in the EDC ice core.

Soluble Li measured by IC, ¢ Total Li measured by ICP-SFMS

—— Bag-median —— Bag-mean
(ppt)
Holocene ACR LGM A1
100 -
*
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- .
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manually decontaminated ~® | from CFA meltwater
] ] ] ] ] |
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Figure 5.4: Soluble lithium concentrations measured by IC versus total lithium
concentrations measured by ICP-SFMS. The detection limit is 1 ppt for both methods.

The record of soluble Li shows high spikes in the upper part of the ice core (see Figure
5.4). This could be an effect of the sampling procedure which was changed at around
590 m from manual sample cutting of frozen samples to sampling from excess melt
water from continuous flow analysis. However the frequency and magnitude of spikes
varies within the section of manually cut samples and seems to be affected by sample
time interval.

For the IC measurements the average blank value was below 1 ppt; therefore it is
unlikely that blank contributions have affected the measured sample values. Inaccuracy
of the Li concentrations was less than 10 % in the interval of 1.4 — 5600 ppt. We
therefore have great confidence with the record of soluble Li". Although we can not
explain the occurrence of high spikes in the Holocene part of the record we believe they
represent impurities in the ice; not an artefact from sampling or measurements. Bag-
means and bag-medians represent means and medians of 55 cm ice core strips. Since
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bag-medians are not influenced by the spikes we have preferred to use those instead of
bag-means.

A comparison of the two Li records shows that the solubility of Li changes significantly
along the record. For the glacial period and until the end of the ACR up to 75 % of the
Li is insoluble whereas for the Holocene part apparently all of the Li is soluble.

As expected for warm climate periods, concentrations of total Li decrease significantly
by the end of the ACR whereas concentrations of soluble Li seem to be unaffected by
the warming after the ACR.

Mineral fractionation process: The analyses presented here are based on simple
hypotheses of source strength and transport. A further simplification is the use of
concentrations rather than fluxes as we do not correct for sea salt contributions to the
various species analysed. The sea salt contribution to soluble Ca*" is 24 % + 10 % for
the Holocene, and 8 % =+ 2 % for the glacial period, which is not a negligible amount,
yet it does not affect our analysis.

Fractionation of mineral dust during long-range atmospheric transport is a well known
phenomenon (e.g. Johnson, 1976, and Arnold et al., 1998). Dust size and mineral
characteristics in a moving air parcel is modified over time due to different aerosol life-
times, 7, for different size fractions of the particles. The time development of
concentrations in a moving air parcel for an aerosol species with life-time 7, can be
expressed as:

C(t)=C, exp(—t_toj.
T

or InC(¢) = — (¢t — ty)/t +InC.

From the expression above it follows that, if the dust records mainly reflect climate
induced variations in transport times, different fractions of the dust material will be
related through a power law, i.e. linearly related on logarithmic scales. This effect of
fractionation on ice core concentrations will be described more detailed in chapter 6.

Soluble Li enrichment in Holocene: For the glacial part, soluble Li" and Ca*" are
almost linearly correlated with a Li*/Ca®" ratio around 0.001. For LGM, however, the
relative concentrations of Li" are slightly lower (see Figure 5.5 top right). During the
Holocene the correlation between soluble Li" and Ca®" deteriorates and the relative
contents of soluble Li" are markedly higher.

Total Li and Ba: In a log-log plot, the ratio between total contents of Li and Ba shows
a linear decrease with increasing Ba contents for the glacial period (see figure 5.5 top
left). This trend indicates an effect of mineral fractionation during transport, where Li
has a longer atmospheric lifetime than Ba (see chapter 2.6). In the glacial part the
variation of the total Li content is mainly due to variations in contents of insoluble Li
(see Figure 5.4). The trend for the Li/Ba ratio seen in figure 5.5 therefore indicates that
both soluble and insoluble Li has a larger atmospheric life-time than Ba.

For the Holocene the correlation between Li and Ba is missing and the content of Li is
relatively larger than corresponding to the trend for the glacial part of the record. This
indicates that the higher relative content of soluble Li" in Holocene, as seen in Figure
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5.5 top right, is not an effect of pH in the ice but is due to a relatively higher content of
soluble Li rich minerals.
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Figure 5.5: Trends in relative contents of dust species. A linear trend on log-scales
indicates a transport effect. The red lines show linear trends (on log-scales) for the
glacial parts. Top left; total Li/Ba ratio versus total Ba. Top right; soluble Li"/Ca’"
ratio versus soluble Ca’". Bottom left; soluble Ca’ /dust mass ratio versus dustmass.
Bottom right; soluble Li*/dust mass ratio versus dustmass. All ratios are mass ratios
except for the Li'/Ca’" ratio (top right) that is given in equivalents ratio. The
conversion factors for ueq-kg' to ppb is 6.94 for Li and 20.04 for Ca (molar mass
divided by charge number).

Soluble Li* and Ca** versus insoluble dustmass: The Ca’"-dust mass ratio and the
Li"-dust mass ratio for the glacial period show a decreasing trend with increasing dust
mass consistent with a transport effect (see figure 5.5 bottom left and right). Such trends
are also seen for the Holocene period. The shift in position of the trend line seen for the
Li'-dust mass ratio could be an effect of a change in snow accumulation, but for the
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Ca”*-dust mass ratio, the trend for the Holocene part is markedly different from the
trend for the glacial period.

Particle characteristics: The volumes (masses), V, of dust particles versus diameter, d,
are nearly log-normal distributed. Size distributions of insoluble dust particles are
characterized by the modes (t; diameter or radius) and the relative standard deviation (o
= std — log(n)) of a log-normal distribution of 0V / dlog(d).

An increase in particle size mode over the transition was recently observed in the EDC
ice core (Delmonte et al., 2002). The particle characteristics from EDC shown here is
consistent with the one from Delmonte et al. (2002). The observed increase in size mode
is opposite to what would be expected on the basis of observations in Greenland ice
cores, where warmer climate conditions are associated with smaller particle size mode
as atmospheric transport becomes less vigorous (Ruth et al., 2003). At the beginning of
the transition the particle size mode decreases, as expected, synchronously with the
mass concentrations. This tendency shifts abruptly at a depth of around 450 m where the
particle size mode increases and remains high all through ACR and the Holocene while
the dust mass decreases as the climate is getting warmer (see Figure 5.6).
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Figure 5.6: Particle characteristics measured using Coulter Counter and evaluated on
bag averages. The bottom curve shows dust mass concentrations. The middle curve
shows particle volume mode and the top curve shows the relative standard deviation of
the log-normal volume distribution. The size mode shows an unexpected increase after
the transition.

Soluble Li* and Ca** and size characteristics: We have correlated series of soluble Li
and Ca concentrations with series of particle size fractions. The Holocene and glacial
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sub-series were correlated separately. The size resolving channels from the Coulter
Counting were added together three by three.

Influence on correlations from Poison statistics of particle counts for a given size
interval was evaluated as the factor

N ~(E )

N
where N is the total number of counts along the series and » is the number of counts in
each sample. The factor is insignificant for a wide range of sizes. The factor was below
0.9 for particles larger than 6.6 pm for the glacial series, and for particles larger than
3.5 um for the Holocene series.

For the glacial period the observed correlation curves for Li" and Ca®" are nearly
proportional. Soluble Ca®" correlates best with particles around 1 um in diameter and
soluble Li" correlates best with particles around 0.8-1.0 um in diameter (see Figure 5.7,
left) indicating that soluble Li" and Ca®" both mainly are related to the very small
particles that usually is dominated by clay minerals.

For the Holocene series correlations are limited because of less accuracy in the low
concentration range both for particle counts and for IC measurements (see Figure 5.7
right). However using bag-medians for Li" and bag-averages for particle characteristics
there seems to be for the Holocene part an increasing trend for Li" concentrations with
increasing size mode (see Figure 5.8, right), suggesting that Li" in this part is associated
with large particles. To verify the R* = 0.33 for the correlation between Li"
concentrations and size mode, we performed “students test” and found for the 95 %
significance limit with t = 1.708 and a degree of freedom f=25: R* = (f/t*+ 1) =
0.10 which means that the trend between Li" concentrations and size mode during the
Holocene is significant.

A relationship with very small particles for soluble Li" in the glacial part is further
confirmed from the increasing trend of the soluble Li’-dust mass ratio against the mass
fraction of particles in the interval 0.9-1.1 um diameter (see Figure 5.8, left). Soluble
Ca” has a similar relationship with the 0.9-1.1 pm size fraction (not shown) in the
glacial part.
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Figure 5.7: Correlations between series of soluble Li* (pink) and Ca’" (black)
concentrations and particles for varying size intervals: for the glacial (left) and for the
Holocene (right). The thin blue curves indicate the volume distribution (Vol.). For the
glacial the correlations show that both Li* and Ca’" are associated with small
particles.
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Figure 5.8: The left figure shows the soluble Li" -dustmass mass ratio versus the mass
fraction of particles in the size interval 0.9-1.1 um diameter. To the right is shown Li"
bag-median concentrations versus particle volume mode (diameter) for Holocene bag
averages.
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5.4 Discussion

Based on the linear relationships on log-scales for the glacial dust material, we have
matched different records on different logarithmic scales (see Figure 5.9).

At the depth of around 450 m (after the onset of the transition), which corresponds to
approximately 16 ka BP, the curves starts to diverge and from a depth of around 360 m
(end of the ACR) they propagate in the plot at different levels, illustrating the change in
dust characteristics.

Changes in dust concentrations along the series of the last glacial in the EDC ice core
(e.g. during Al and A2) has in recent papers been explained by changes in source load
(Delmonte et al., 2002), (Rothlisberger et al., 2002). However for the period from 45 ka
BP and until around 16 ka BP (around 458 m depth), the chemical and size
characteristics seem to be mainly affected by fractionation during transport. This means
that during the glacial period source load could be nearly constant and that warming is
likely to be associated with less favorable conditions for dust transport.

Around 16 ka BP the dust material changes character abruptly. Our analyses have
shown that the different chemical and size characteristics of the glacial and the
Holocene dust material cannot be explained as effects of changed transport time, snow
accumulation rates or pH.

The change in particle mode after the transition observed in the EDC ice core was
recently explained as a regional transport effect involving vertical fractionation effects
in the transport system (Delmonte et al., 2004). Some observations done in the present
analysis are consistent with this. The Ca**-dust mass ratios in Holocene are similar to
the corresponding glacial ratios although concentrations in the ice core are much lower
during Holocene. However the trend for the particle size mode over the transition shows
similarities with the trend for soluble Li" concentrations supporting a connection
between the high Li" concentrations and the large particle sizes for Holocene, which is
in contrast to the glacial part where soluble Li" is related to the very small particles. The
increased relative Li content for Holocene and the change in the matching size fraction
for Li" combined, suggest that chemical and size characteristics of the dust in the EDC
ice core for the Holocene and the glacial respectively represent two different dust
materials. In the glacial period, Li containing dust material seems to be related to the
clay fraction, while in the Holocene dust material the 100% solubility of Li indicates
that it is related to evaporite minerals.

The relatively weak correlations between dust species together with a large standard

deviation of particle sizes for the Holocene could be an effect of a mixed composition of
different dust materials during the Holocene.
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Figure 5.9: Reconstruction of the change in particle characteristics over the transition.
Soluble Li" and Ca’" are bag-medians and bag-means respectively. Dust mass and
volume mode are evaluated on the basis of bag-means. Around the depth of 450 m (after
the onset of the transition) the curves begin to diverge and from around 360 m (end of
ACR) they propagate at different levels.

5.5 Conclusions

Based on the two complementary records of soluble and total Li from the EDC ice core
we have made detailed studies of the chemical properties of the EDC dust material.

A high content of soluble Li" relative to Ca*" during the Holocene could be an acidity
effect. A comparison of total Li and Ba, with Ba as a crustal indicator, showed that the
dust was enriched in Li during the Holocene while a comparison with dust mass showed
instead depletion in the Ca content during the Holocene. These properties indicate
different chemical characteristics of the dust material for the glacial and for the
Holocene.

During the glacial, the mineral dust had well defined properties, and seems to have been
affected mainly by transport times as indicated by a linear relationship between different
dust species on log-scales. At around 16 ka BP, 3 ka after the onset of the transition, the
characteristics of the dust material changed abruptly. In the glacial dust material Li
seems to be related to the clay fraction whereas in the Holocene dust material Li appears
to be related to evaporate minerals.

Insoluble Li is representing a glacial dust material, which more or less disappeared from
the air mass at DomeC after the Antarctic Cold Reversal; possibly due to a weakened
transport as climate became warmer. The large particle mode after the transition seems
to be associated with a different dust material that was introduced to the air mass over
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DomeC around 16 ka BP and which co-existed there with the glacial dust material
during the Antarctic Cold Reversal.
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6: Ion chemistry in the NorthGRIP ice core as a
signal of aerosol transport
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Abstract: The NorthGRIP ice core provides continuous records of sea salt and
mineral dust aerosols from the last glacial period. A large number of soluble ions
were analysed by ion chromatography and have opened up for new possibilities look-
ing into details in the relationship between ion composition and climate conditions.
Concentrations of sea salt and dust measured in Greenland ice cores reflect source
strength and conditions for long-range transport of aerosols.

We have analysed the NorthGRIP record of Lit, Nat, K*, Mg?t, Ca?t, F~,
Cl~, and SO~ that are mainly derived from sea salt and mineral dust aerosol. We
introduce a statistical method to extract characteristics of ion composition. From
this characteristics, source strengths and transport properties can be quantified.

Changes in ion composition seem to be related to changes in particle size dis-
tribution as an effect of fractionation during atmospheric transport. Applying a
simple transport model, variations in ion concentrations can be explained in terms
of large-scale transport patterns and varying transport efficiency. Our analysis of ion
compositions during Marine Isotope Stage 3 suggests that ion concentrations dur-
ing this period are mainly affected by changes in transport efficiency. Furthermore
our analysis shows that large-scale transport patterns changed only little during the
D/O events.
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6.1 Introduction

Ice cores from Greenland provide information on the climate during the last glacial
cycle. This information is based on records of stable isotopes in the ice and of various
chemical aerosol species. The isotope records from the GRIP (Greenland ice core
project) and GISP2 (Greenland ice sheet project 2) ice cores revealed details of 24
interstadials, the so-called Dansgaard/Oeschger (D/O) events, which are character-
istic large abrupt warm climate events disrupting the glacial conditions (Dansgaard
et al., 1993). During recent years a new deep ice core from the North Greenland
Ice core Project (NorthGRIP) has been drilled at 72.20°N, 42.32°W, 324 km from
the Greenland Summit, with the goal of providing high resolution details of the
climate history during the last interglacial period (Dahl-Jensen et al., 2002). The
NorthGRIP drilling reached bedrock in the summer of 2003 and recovered a new
high-resolution and undisturbed climate record reaching back into the last inter-
glacial period (NorthGRIP members, 2004), adding new continuous records of the
climate history of the last glacial cycle to the records from GRIP and GISP2.

Many detailed analyses of chemical impurities were performed on the GRIP and
GISP2 ice cores. Results from these analyses are presented in numerous papers in
the Journal of Geophysical Research special issue on Greenland Summit Ice Cores
(JGR special issue, 1997). A continuous record of soluble ions was measured along
the GISP2 ice core using ion chromatography (IC), providing a complete series of
ion chemistry over the last glacial cycle (Mayewski et al., 1994; O’Brien et al.,
1995; Mayewski et al., 1997). In the GRIP ice core, continuous high-resolution
records of soluble calcium (Ca?"), ammonium (NH} ), hydrogen peroxide (HyO),
and formaldehyde (HCHO) were measured using continuous flow analysis (Fuhrer
et al., 1993; Fuhrer et al., 1996; Fuhrer et al., 1999). In the GRIP ice core, IC
analyses of soluble ions were performed discontinuously along the ice core (Legrand
et al., 1993; De Angelis et al., 1997; Legrand et al., 1997; Fuhrer and Legrand, 1997)
and additionally in high resolution in selected depth intervals where also insoluble
dust characteristics were measured using Coulter counting (De Angelis et al., 1997;
Steffensen, 1997). In the GRIP ice core detailed micro-analyses on dust samples from
selected depth intervals were also performed in order to obtain records of mineral
characteristics (Maggi, 1997) and soluble/insoluble contents of Ca, Fe, K, and S
(Laj et al., 1996; Laj et al., 1997).

The chemical impurities in Greenland ice cores are mainly derived from sea
salt and mineral dust aerosols, which have been long-range wind transported from
marine and continental source areas respectively. High ice core concentrations of
dust and sea salt reflect cold climate conditions with enhanced source load and
better conditions for transport.

The analyses of dust and sea salt in the GRIP and GISP2 ice cores have led to
many discussions on possible climate effects acting on the cycles of dust and sea
salt aerosol. A major issue in these discussions has been which factor is the most
important for variations in fluxes in Greenland; source emission or transport effi-
ciency. These discussions were encouraged by observations of systematical patterns
in the records and abrupt changes in characteristics during transitions between cli-
mate regimes. However the discussions have led to very different conclusions. An
understanding of climate impacts on source emission and transport is required to
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assist interpreting ice core records of chemical impurities.

In order to identify the source location for mineral dust deposited in Greenland,
comparative analyses of Nd, Sr, and Pb (neodymium, strontium, and lead) isotope
compositions and clay mineralogy in dust samples from the GRIP and GISP2 ice
cores, and dust material from potential source areas were performed (Biscaye et al.,
1997; Svensson et al., 2000). These analyses suggested that East Asian deserts are
the most probable dust source areas for Greenland and further that the source areas
did not change significantly during times of large variations in dust fluxes and dust
grain sizes. Biscaye et al. (1997) concluded on the basis of these findings that high
ice core concentrations of dust during the Last Glacial Maximum (LGM) are mainly
due to enhanced transport intensity.

Maggi (1997) found that systematic changes in the mineralogy during the D/O
events occurred too rapid to be explained by changes in processes of soil genesis and
chemical weathering and suggested that these changes were caused by atmospheric
dynamical factors, such as the shifting polar front. Biscaye et al. (1997) suggested
that changes in clay mineralogy could be due to a particle size fractionation of dust
aerosol within the source area.

Mayewski et al. (1994) inferred covariance in concentrations of ionic species from
sea salt and mineral dust in the GISP2 ice core as a polar circulation index. Further
they explained systematic enrichment in dust and an opposite decline in sea salt
species for cold periods as enhanced efficiency of transport from more distant source
areas and effects of reduced open ocean surface due to enhanced sea ice extent and
iceberg discharges.

De Angelis et al. (1997) and Laj et al. (1997) both observed a systematic enrich-
ment of soluble calcium for cold periods and suggested an additional contribution to
calcium minerals from continental shelves, which have been exposed due to changing
sea level. However, their observations are in contrast to the observation of Steffensen
(1997) of a systematic decline in contents of soluble calcium relative to dust mass
during cold periods. This discrepancy seems to be a systematic feature of the dust
material, which also show a systematic change of particle size characteristics with
changes in dust mass as observed in the GRIP ice core (Steffensen, 1997).

A high resolution dust record from Fuhrer et al. (1999) showed that changes in
dust concentrations during rapid climate changes occur more abruptly than changes
in isotope compositions. Fuhrer et al. (1999) suggested that higher dust concen-
trations for cold climate periods mainly reflected a combined effect of increased
turbulence in the source area and enhanced wind transport.

Modellers have also contributed to this discussion. Atmospheric General Circula-
tion Models (AGCM) have been used to simulate long-range aerosol transport to the
Greenland ice sheet. The simulated climate effect on transport efficiency is not large
enough to account for the enhanced LGM concentrations of mineral dust aerosols in
Greenland ice cores (Tegen, 2003). Therefore simulations of past and present dust
depositions in Greenland have been mainly focused on parameterizations of the soil
surface properties in the source areas that affect dust emissions.

In general the simulations obtain realistic ice core concentrations but under un-
realistic conditions. Andersen et al. (1998) simulated an unrealistic high source
contribution from North African desert areas. Mahowald et al. (1999), used a
model for vegetation cover, and obtained more realistic source areas but an unreal-
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istic expansion of source areas for the LGM. Tegen et al. (2002) used a better model
for source areas and also a model for seasonal changes in vegetation but their simu-
lation did not obtain realistic dust fluxes in remote areas such as Greenland. Werner
et al. (2003) extended the model of Tegen at al. (2002) and obtained realistic dust
fluxes in Greenland for LGM but due to an unrealistic effect on deposition from the
regional hydrological cycle. Recent AGCM simulations of sea salt concentration in
Greenland ice cores considered contributions to sea salt aerosol from sea ice brines
and concluded that sea ice brines was far the most important source to sea salt
in Greenland (Reader and McFarlane, 2003). However their parameterization was
unrealistic because it was based on permanent sea ice coverage where only freshly
formed sea ice produces sea salt aerosol (Wagenbach et al., 1998). Reader and Mc-
Farlane, (2003), suggested that dissimilarities for both dust and sea salt between
simulated and measured ice core concentrations were due to model underestimation
of wind extremes and errors in model transport pattern.

New continuous high-resolution records of soluble chemical species and mineral
dust particles from the NorthGRIP ice core (Rothlisberger et al., 2002; Ruth et
al., 2002) open up for new detailed studies of rapid climate changes. Ruth et al.
(2003) presented a continuous record of particle concentrations and size distributions
from the NorthGRIP ice core and explained a systematic climate effect on particle
size modes as an enhanced long-range atmospheric transport efficiency during cold
climate conditions. Despite this finding, however, they could not quantitatively ex-
plain the strong influence of climate conditions on ice core concentrations of mineral
dust particles and they suggested that a source effect dominantly influenced ice core
concentrations of mineral dust.

Here we present a NorthGRIP record of soluble ions measured by ion chromatog-
raphy and introduce two new ionic species, Li* and F~, to the series of continuous
records from central Greenland ice cores covering the last glacial period.

The finding of a transport effect on particle size distributions by Ruth and others
(2003) has lead us to consider systematic changes in ion composition as an effect
of transport rather than a source effect. The discrepancy between the observations
in the GRIP ice core of systematic properties, where the soluble calcium contents
either increases or decreases relative to other dust species during cold periods, can
be explained as a transport effect on the dust material. We extend this approach
and explain ion compositions as mainly an effect of different depletions for different
aerosol types during long-range transport.

We have analysed composition of soluble Lit, Nat, Kt, Mg?*, Ca?*, F—, Cl~,
and SOF ™ that are all mainly derived from sea salt and mineral dust aerosols. For
this analysis we have developed a statistical method to extract ion composition
characteristics so that we can quantify effects of source contribution and long-range
transport properties. The method is based on empirical orthogonal function analysis
(EOF), which is a well-established method used in many contexts to assess the
dominant variability in a multi-variate record. We infer a physical interpretation,
related to large-scale transport patterns, on the basis of the statistical parameters
we obtain from the analysis.
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6.2 The NorthGRIP ion record

Sampling and Measurements

Ice core samples for IC analyses were collected from decontaminated melt water
used in high resolution flow analysis (CFA) performed in the field during the North-
GRIP 2000 field season (Dahl-Jensen et al., 2002). The CFA was performed using
the Bern CFA system (Rothlisberger, 2000). The melt water samples were collected
continuously in 55 cm resolution in Coulter Counter polystyrene accuvettes in a
clean air laminar flow bench and hereafter immediately frozen. The sampling cov-
ers the ice core depth interval from 1404.70 m to 2930.40 m. The samples were
stored frozen until measurements that took place in clean room facilities. Samples
from the depth section of 1404.70 - 2025.65 m were analysed at the Dept. of Me-
teorology, University of Stockholm. The remaining samples were analysed at the
Dept. of Geophysics, University of Copenhagen. Because our statistical analysis
only includes data measured in Copenhagen, the following description of laboratory
procedures, ion chromatographic system and method refer to the analyses performed
in Copenhagen.

In a clean air laminar flow bench the samples were decanted into 5 ml Dionex
vials, which were closed with a filter cap. Prior to use the vials were rinsed thor-
oughly in super quality (SQ) water (>18 M) from an Elga water purifying system.
Filter caps were rinsed successively in methanol and SQ water in an ultrasonic bath.
Vials and filter caps were re-used after rinsing four times in SQ water. Measurements
were performed using a Dionex 500 micro bore ion chromatograph (IC) equipped
with a two channel setup for simultaneous measurements of cations and anions.
Each channel was equipped with a pre concentrator column, a gradient pump, a
suppressor and a conductivity detector. The samples were injected from the 5 ml
vials into the IC system by an auto sampler. From each sample 3 ml and 1.5 ml
were injected into the cation and anion pre concentrator columns, respectively. The
cations were separated on a 2 mm Ionpac CS12 column eluted with a gradient mix-
ture of methanesulfonic acid (MSA) and SQ water. The anions were separated on
a 2 mm Ionpac AS14 column eluted with a gradient mixture of NayB,O; and SQ
water.

The measured concentrations were all far above the detection limit. Within the
range of measured concentrations inaccuracies were less than 10% for all the species.

Characteristics of the ion record

The continuous NorthGRIP ion record covers the time interval from the Preboreal
and back to around 110 ka BP. The time scale used in this work is the ss09sea
chronology from Johnsen et al. (2001). Each 55 cm sample covers a time interval
spanning 10-100 years depending on the annual layer thickness (personal communi-
cation from Sigfus Johnsen, 2003). We present here the IC records of eight soluble
ion species Li™ (lithium), Na™ (sodium), K™ (potassium), Mg?" (magnesium), Ca*"
(calcium), F~ (fluoride), C1~ (chloride), and SO;  (sulphate) that are dissolved
mainly from sea salt and mineral dust. The records of ion concentrations are shown
in Figure 6.1. Ion concentrations are here given in peq-kg=! (micro equivalents (mole
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times charge number) per kg). Conversion factors between ppb (mass fraction in
parts per billion) are given in Table 6.1.

Greenland ice core records of ions derived from sea salt and mineral dust from
the last glacial period reflect the climate with high concentrations indicating cold
climate conditions. The Dansgaard/Oeschger events are highly pronounced in the
ion records where Ca?* is the most prominent climate indicator with changes in
concentrations of one order of magnitude during the Dansgaard/Oeschger events.

The ion records show long term trends in the climate history generally with low
concentrations during the warm MIS 5 (Marine Isotope Stage) and high concen-
trations during the cold stages MIS2 and MIS4. Despite the low resolution, a few
volcanoes can be seen in the records of SO;~, C1~, and F~. Most prominent is the
Z2 eruption at a depth of 2359 m (around 56 ka BP), where the F~ record shows
a particularly strong excursion. Unusual for volcanic signals, the Z2 eruption also
exhibits strong signals in the Na™ and Ca?" records.
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Figure 6.1: (Previous page) Concentrations of eight different ionic species
measured in the NorthGRIP ice core shown together with the 6O record (top
curve). The ion concentrations are shown on logarithmic scales all ranging over
three decades. Marine Isotope Stages (MIS) are indicated at the top. The ion records
show different long-term trends, and therefore it is not suitable to perform a statis-
tical analysis of the whole record. The grey bar indicate the section we have chosen
for our statistical analysis of ion concentrations.

| ppb/ (peq-kg™")

Lit | 6.941
Nat [ 22.99
KT | 39.10
Mgt | 12.15
Ca’* | 20.04
F- 19.00
Cl- | 35.45
SO;~ | 48.03

Table 6.1: Conversion factors for concentrations of different ions between the units
of peq-kg~t (micro equivalents (charge units) per kg) and ppb (mass fraction in parts
per billion). The factors are molar mass divided by charge number.

The records from MIS3 show no major long term trends but are dominated
by frequent Dansgaard/Oeschger events (IS5 - IS17). Typical ion concentrations for
interstadial and stadial climate conditions during MIS 3 are shown in Table 6.2. The
high variability in climate conditions during MIS3 makes this period very suitable
for statistical analyses of ion composition. For such analysis we have selected the
depth section from 2025.65 to 2421.10 m corresponding to a time interval from 36.5
to 60.2 ka BP (marked in grey in Figure 6.1). The selected section contains climate
variability corresponding to the Dansgaard/Oeschger events 8 -17 and the chemical
signature of the Z2 eruption. In this section each sample represents a time interval
ranging 20 to 40 years (personal communication from Sigfus Johnsen, 2003).

Origin of ions Soluble Ca?" is mainly derived from mineral dust while soluble
Na™ is mainly derived from sea salt aerosol. Therefore records of soluble Ca?" and
Na™ are often used as indicators for continental and marine inputs, respectively.

The dominant ions in sea salt are C1~ and Na™. In Greenland ice cores Cl~ and
Na't are present in nearly the same molar ratio as in sea salt and they may as a
first approximation be taken as representing only sea salt aerosol, although small
contributions to these ions could come from dust minerals (De Angelis et al., 1997;
Mayewski et al., 1997). Sea salt acrosol contributes also to concentrations of the
other ions in the analysis; i.e. to Ca?*, Mg*", K*, F~, and SO3~. This sea salt
(ss) contribution is calculated from the Na™ contents using the relative contents in
sea salt (see Table 6.2). De Angelis et al. (1997) did a detailed analysis of soluble
chemistry of dust and sea salt in the GRIP ice core in order to identify the non-sea
salt (nss) contribution to Na*.
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Mineral dust aerosols consist of a mixture of dust minerals from which ions dis-
solves in proportions dependent of the mineral type and history of chemical weath-
ering. In glacial ice, Ca%*, Mg?*, SO3~, K*, Li*, and F~ can be considered as
representing mineral dust aerosols, although small amounts of these ionic species
origin from sea salt and volcanic events. Sea salt contributes to K* with a relatively
large fraction.

Ca?t, Mg+, and SO3™ are the dominating dust components in soluble ion chem-
istry in glacial ice. They are dissolved from readily soluble minerals like calcite,
dolomite and gypsum (Laj et al., 1997). K*, Litand F~ are present in ice core
samples only in trace amounts and are probably dissolved mainly from less soluble
minerals, such as clays.

In warm periods biological activity is a dominant contribution to SO3~ but this
contribution can be ignored in glacial ice because of less biological activity and
increased contribution to SO~ from mineral dust.

S IS S IS sea salt

avg (std) avg (std) sea salt | sea salt | / Na™
Lit | 0.0029 (0.0005) | 0.001(0.001) | 6 % 5% 6.04-10°
Na®™ | 2.8 (0.4) 1.2 (0.3) =100 % | =100 % | =1
K* 0.19 (0.06) 0.1(0.1) 31 % 28 % 0.0219
Mg?* | 2.5 (0.4) 0.8 (0.2) 12 % 17 % 0.113
Ca?" | 15.1(3.4) 2.9 (0.7) <1% 1% 0.0219
F~ | 0.06 (0.02) 0.02 (0.01) | <1% 1% 0.13-107°
Cl- | 3.1(0.4) 1.5 (0.4) 104 % 95 % 1.16
SO;~ | 6.5 (1.5) 1.9 (0.7) 3% 4% 0.0603

Table 6.2: Average ion concentrations (m jeq - k:gfl) in the NorthGRIP ice core
for stadials (S) and interstadials (IS) during MISS3. Standard deviations are indi-
cated in parenthesis. Contributions from sea salt (in % of total content) are also
shown. Sea salt contributions are estimated on the basis of the Na™ concentration

and relative contents in sea water, which is shown in the last column for the measured
ion species (from Holland, 1984).

Systematic patterns of ion concentrations

Concentrations versus §'°0: Ion concentrations show a strong relationship with
§'®0. In Figure 6.2 is shown logarithmic Mg?t concentrations versus 'O for the
NorthGRIP MIS3 section, which is analysed here (indicated with grey in Figure
6.1). The 6'®0 curve has been reversed for comparisons. The two curves show
slightly different patterns indicating that they represent different physical influences.
However, the synchronous variations is undoubtedly indicating a strong climate
influence acting on both parameters.
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Figure 6.2: Logarithmic Mg?t concentrations and reversed 'O in the NorthGRIP
record for the ice core section indicated in grey in Figure 6.1.

Log-normal distributions: The main variation in the ice core records of 60
and of soluble ions is due to changes in climate between the distinctly different
climate regimes of the Holocene and of stadials and interstadials. For each of the
climate regimes, ion concentrations show a nearly log-normal distribution. In Figure
6.3 is shown the distribution of logarithmic Mg?* concentrations during MIS3. The
logarithmic concentrations are grouped into two separate nearly normal distributions
corresponding to stadials and interstadials.
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Figure 6.3: Logarithmic ion concentrations within the same climate regime s nearly
normal distributed. Here is shown distributions of logarithmic Mg** concentrations
for stadials and interstadials climates during MISS.

Particle size mode: A systematic relationship between the modes of the particle
size distribution and dust mass concentration was observed both in the GRIP ice
core (Steffensen, 1997) and in the NorthGRIP ice core (Ruth et al., 2003). This
systematic relationship was explained by Ruth et al. (2003) as an effect of changing
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transport times. The explanation was based on a model for size fractionation during
transport. In Figure 6.4 is shown the continuous record of particle size mode versus
dust mass in the NorthGRIP ice core.
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Figure 6.4: Particle size mode versus dust mass concentration in the NorthGRIP
ice core section marked with grey in Figure 6.1. (The data are from Ruth et al.
(2003)).

Systematic relationship of ion concentrations: For analysis of ice core records
of soluble ions it is often assumed that ratios between ion concentrations reflect
source characteristics and therefore linear approximations of ion concentration rela-
tionships are often made in order to identify climatic effects in source regions. The
systematic non-linear patterns of ion compositions in Greenland ice cores, observed
in the GRIP and GISP2 ion records, have been described in different ways. De
Angelis et al. (1997), and Steffensen (1997) considered linear approximations for
stadial and interstadial periods separately, whereas Mayewski et al. (1994) made a
cubic approximation to the non-linear patterns. However, our observations on the
NorthGRIP ion record shows that for glacial conditions the systematic patterns of
ion compositions can be well approximated using a power law, describing the re-
lationship between ion concentrations, C'y and Cp, of two different ionic species A
and B:

Ca=FK -Cp° (1)

and hence logarithmic ion concentrations can be approximated by a linear relation-
ship:
In(Cy)=InK+a - -In(Cpg). (2)

In Figure 6.5 is illustrated the linear relationship between logarithmic ion concentra-
tions. Concentrations of Cl~ and Na™ appears in Greenland ice cores in nearly the
same ratio as in sea salt ([C17]/[Na*] = 1.16). The relationship between concen-
trations of C1~ and Na™ is approximated well by a linear approximation, but show
however, slightly systematic non-linear features due to fractionation processes and
to other contributions than sea salt. For the relationship between concentrations
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of Mg?*tand Ca?* a power law is obviously a better approximation that the linear
approximation. The same is true for the concentrations of Na* and Ca?*.

Using a linear relationship between logarithmic ion concentrations, ion composi-
tion in Greenland ice cores for the glacial period can be characterized by the para-
meters K and «. These parameters can be obtained by linear regression. However,
linear regression is sensitive to noise and to source contributions not consistent with
the power-law. Instead we use empirical orthogonal function (EOF) analysis on the
complete array of logarithmic ion concentrations. On the basis of the EOF principal
component we get a unique determination of the characteristic parameters.
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Figure 6.5: (Previous page) Ion concentrations for MIS3 on logarithmic
scales (black dots), linear approzimations (blue lines) and power law approximations
(red lines).

The two species Cl~ and Na™are both mainly from sea salt as indicated by their
nearly linear relationship (top). Mg®>T and Ca®* that both mainly are derived from
mineral dust, clearly have a linear relationship on logarithmic scales, but not on
linear scales (middle). The relationship between Na™ and Ca®* is also well described
by a power law (bottom).

Systematic non-linear properties were observed in the GRIP ice core records of
soluble Ca?" and dust mass (Steffensen, 1997). These properties were described by
linear approximations for stadials and interstadials, respectively. Figure 6.6 shows
Ca?" concentrations versus dust mass in the GRIP ice core. As seen in the figure
this relationship is well-described by a power law.
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Figure 6.6: Logarithmic Ca®" concentrations (ueq-kg=') versus logarithmic dust
mass concentrations (ppb) in the GRIP ice core. The blue line is a linear approx-
imation and the red line is a power law approrimation. Data are from Steffensen

(1997).

Ice core concentration vs. flux estimates: Snow accumulation rates on the
Greenland ice sheet changes with changing climate conditions. In the North GRIP
ice core, accumulation rates varies a factor of 4 between present and LGM and a
factor of ~ 2 during the D/O events (Personal communication from Sigfus Johnsen,
2003). Therefore, for analysis of ionic species in ice cores, it is often discussed
whether to use the measured concentrations or flux estimates. We prefer to per-
form our analysis on ion concentrations not on flux estimates. Firstly because we
prefer to maintain the analysis as simple as possible. Flux estimates are a manip-
ulation of the data that could introduce unwanted artefacts to the data. Secondly,
several authors have pointed out that concentrations of sea salt and mineral dust
aerosols in Greenland ice cores better represent the atmospheric concentrations than
flux estimates (Alley et al., 1995; Meeker et al., 1997; De Angelis et al., 1997). In
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this work we also made a small study of possible influences from accumulation rates
which gave the conclusion that changing accumulation rates have minor effect on ion
concentrations. Based on an analysis of the GISP2 ice core record of accumulation
rates and ion concentrations, Mayewski et al. (1997) suggested that synchronous
variations in ion concentrations and accumulation rates is an effect of climate act-
ing on both parameters rather than an effect of accumulation rates controlling ion
concentrations.

6.3 Statistical method

EOF analysis was used in several analyses of the GISP2 ice core ion records (O’Brien
et al., 1995; Mayewsky et al,. 1994; Mayewski et al., 1997; Meeker et al., 1997; Yiou
et al., 1997). O’Brien used the EOF analysis to identify periodic properties in the
ion record throughout the Holocene period. Based on the assumption of a well mixed
atmosphere, Mayewski et al. (1997) used the EOF principal component to define a
polar circulation index (PCI), which they used for periodic component analysis in
order to identify orbital forcing in the atmospheric circulation.

EOQOF analysis is a linear transformation of data variables and therefore has limita-
tions when applied to non-linearly related variables. The EOF analyses performed
on the GISP2 ion record were made on the measured concentrations which are
clearly non-linearly related. It was assumed that non-linear properties, identified in
the second EOF component, reflected climate effects acting on sources, e.g. on sea
ice cover, iceberg discharges, and extent of the atmospheric polar cell (Mayewski et
al., 1994). The second and lower components derived from an EOF analysis might
contain negative contributions from variables for what reason it has been argued
that they cannot be physically meaningful (Marsh and Ditlevsen, 1997; Ditlevsen
and Marsh, 1998). Non-linear properties in Greenland ion records might reflect a
systematic property of the physical processes in the climate system acting on the
dust and sea salt cycles. In that case the second and lower ranging EOF components
are just representing the same variability as

the principal component. Furthermore, in Greenland ice core records, ion con-
centrations are log-normal distributed and therefore, as pointed out by Yiou et
al. (1997), covariance are not correctly estimated when performed directly on ion
concentrations, and should for that reason be performed on logarithmic ion concen-
trations instead.

Our method differs from previous EOF analyses of ion records in the sense that
we perform the analysis on logarithmic concentrations, where we have found lin-
ear relationships, and where the variables are normal distributed. Therefore our
method offers some applications that conventional EOF analysis of ion records does
not. We use the analysis to separate each ion series into a series representing the
common variance (principal component) and a residual series. From the statistical
parameters of the principal component we obtain characteristics of the ion com-
position. Assuming that this characteristics represent the physical influence from
climate on the ion concentrations we interpret the statistical parameters as physical
parameters. Based on a simple transport model we use the statistical parameters to
indicate large-scale transport patterns and physical influences during transport. In
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the following we give a detailed description of our method.

Principles of EOF analysis: The principle of EOF analysis is shortly summa-
rized by Yiou et al. (1997) and Meeker et al. (1997). We also give a short summary
of EOF analysis here.

EOF analysis is a covariance analysis of multivariate data series (y;(t)). The M
variables y; ; ¢ = 1,.., M form a set of basis vectors. The data set is represented by
a M x N matrix, D, where the rows represent the M variables (the ion species) and
the columns represent the N discrete samples. The data covariance matrix is an
M x M matrix, constructed by ﬁD DT where each element (i, j) represents the
covariance between variables y; and y;. In practice EOF analysis consists of a linear
transformation of the basis vectors (variables) that diagonalize the data covariance
matrix. During this diagonalization, which is a unique transformation, the basis
vectors are transformed into a set of orthogonal eigenvectors EOF;, EOF,,.. with
corresponding time expansions FEj(t), Es(t),.. which are mutually uncorrelated.
The time expansions are weighted sums of all the measured data series (y!"(t)),
weighted according to their covariance with the FE;(t)’s. The diagonal elements of
the transformed covariance matrix are the variances Vi, V5, .. of the new orthogonal
time series. The eigenvector of the highest variance (FOF}) is referred to as the
principal component.

By normalizing the variables before the analysis, the data covariance matrix
becomes identical to the correlation matrix, and the same variance is attributed to
each variable in the analysis. The use of normalized variables has an advantage for
analysis of ion records where different ions have markedly different variances.

Although EOF analysis in principle just reflects systematic patterns (covariance)
in the data, EOF analysis is often used in time series analysis to extract time series
that represents common variations in the data. We will use the principal component
vector FOF) to obtain statistical parameters characterizing ion composition in ice
cores, and the principal component time series E;(t) to obtain, for each variable 1,
a proportional model time series y (). Based on the residuals (yf = y" — yM) we
also characterize non-linear properties in the data as explained in the following.

The climate signal from ion concentrations

Our analysis focuses on three different features in Greenland ice core records of
the last glacial period: 1) the systematic relationship between concentrations of
different ions, 2) the strong coupling between ion concentrations and climate and 3)
the pronounced climate variability represented by the D/O events.

Measured ion concentrations (C™) in ice cores vary due to changes in climate
(Climate) " contributions from special events, such as volcanic eruptions, (C®V°™*) and
noise, such as analytical imprecision, (C™**¢), thus the measured ion concentrations
can be broken down into the three additive terms:

Cm — Cclimate 4 Cevents 4 Cnoise

In the following we attempt to isolate and characterize the climate signal (C¢imate)
in the series (C"™) of measured ion concentrations.
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Using the power function to describe the systematic relationship between ions,
we separate the climate signal further into a contribution (FP°¥®"), for which the
power law is valid, and a second order term (F”) representing deviations from the
power law: i.e. Cclimate — (fpower 4 BV) - At this stage we assume that the second
order term is negligible compared to FP°V ie. F' < FPover,

Given that variability in ion records mainly reflects changing climate conditions
we introduce a parameter p that indicates climate conditions and defining f =
In( FPVr) we assume:

ffp)=c¢ = Ap (3)

FPover(p) = C%exp(—Ap) (4)

where ® = In(C?). The strength C° and the sensitivity A are ion specific parame-
ters (C? and )\;), which are related to the parameters a and K in the power law

(C4 = K - Cp®) through the expressions (a = A4 - A3') and (K =C9- (C%)_a>.

Since p is an undetermined parameter (only the variation is known) so are the
parameters ®, C° and X at this stage. However, c® is proportional to the mean,
avg(f?), and X is proportional to the standard deviation, std(fF) of the series
fE(t). Later in this paper we will discuss the understanding of the physical and
climatic aspects of the parameters C° and \.

Climate series: We apply expression (3) to the series of measured logarithmic
concentrations ¢ (t) = In [C™(?)]:

" (t) = f(t) + frei()

where fF(t) represent the time evolution of f in expression (3) and the residual
fresidual() represents the combination of noise, contributions from special events e.g.
volcanic eruptions, and a second order climate signal.

The series f}'(t) in expression (3) are mutually proportional. Provided that the
series f7(t) represent the major variability in the data, and further that they are
statistically independent of the series frsidual(¢)  their variability is well represented
by the principal component series E;(t) of an EOF analysis of the multi-variate
record of measured logarithmic ion concentrations ¢™(t).

Normalization: We normalize the logarithmic ion concentrations prior to the
EOF analysis to attribute the same variance to each ion species. The normalized
concentrations ¢ are obtained by

n Lot —avg(c])]
G = std(dm™) (5)

We then perform the EOF analysis without any other prior manipulation of the
data like averaging or filtering so that all information in the data of the relationship
between concentrations of different ions stays intact.

At first in this analysis we do not take into account that the 55 cm samples
are weighted differently by time. Later we show how we may treat sample time
weighting.
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Climate series reconstruction ("back-wards normalization"): The princi-
pal component series is a weighted sum of the normalized series, ¢}'(t), with weight
factors given by the basis vector components, EOF ;; i.e. (Ey(t) =Y, [EOF;; - c'(t)]).
Similarly the normalized time series ¢ () can be expressed as a weighted sum of EOF

components (c”(t) =) [EOF}; - E; (t)]) and so, using expression (5), logarithmic

]

ion concentrations are expressed as:
¢ = avg(el") + std(c)") - (3, [EOF: - Ey(¢)) (6)

The term [EOF;; - Ei(t)] represent the contribution from c}'(t) to the principal
component and vice versa. Replacing the sum over EOF components, j, in the
expression above with the single term [EOF;; - E;(t)], we obtain instead of ¢}"(¢)
a set of model series ¢ (t):

()

M (1) = avg(el) + std(c]") - [EOF; - (1) ™)

)

that well represents fI'(¢) in expression (3); i.e. ff(t) ~ ¢M(t). The uncertainty
between the two terms lies in the fact that fF(¢) is a function of climate only,
whereas ¢} (t) is a weighted sum of all the variables in the analysis and therefore
contain also non-climate contributions such as volcanic signals.

Performing the "back-wards normalization" described in expression (7), the
model series ¢ (t) will have the same averages as the series ¢(t). However non-
climate contributions to ion concentrations are likely to be larger than 0 in averages.
Assuming that special events, such as volcanic eruptions, take place over a much
shorter time than variations in climate, we will correct for non-climate contributions
to avg(c™) by sorting out spikes; i.e. by replacing avg(c*) in expression (6) by the

average avg*(c") of a median filtered series of ¢}:

m
7

M (t) = avg* (") + std(c") EOFy; Ei(t) (8)

7

and so avg(cM) = avg*(c™). Figure 6.7 shows an example of a model series ¢™ (¢) and
residuals c¢/*(t) obtained by expression (8) for logarithmic concentrations of SO .
Corresponding series of ion concentrations are calculated as:

7

CM(t) = exp [ (1)] -

The residuals C® = O™ — CM appears differently from the . For concentrations of
the major ions, which shows only few spikes, the correction for spikes (non-climate
contribution) in expression (8) has no significant effect. For ion series containing
many spikes, the correction is only of minor influence. An example of model con-
centrations and residuals for F~ is shown in Figure 6.8. In the case of F~ the
non-climate contribution corresponds to 3.3 % in concentrations.
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Figure 6.7: Example of a model series obtained by back normalization of the EOF
principal component using expression 8. The series fP is a box filter of the residual
c® showing non-linear properties on time scales of the D/O events and longer.
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Figure 6.8: Example of model concentrations and residuals for F~.

The residual series - investigation of the robustness The residual series
(cf(t) = ¢m(t) — M(t)) are just as important records as the series ¢ (t) because
they also may contain information about climate processes. However, the model
series ¢ (t) are proportional to the principal component series that in principle is
a weighted sum of the series of all the variables included in the analysis. Therefore
the individual ¢M () series are sensitive to ion specific signals in series for other com-
ponents. One example is the Z2 volcanic eruption that appears in the constructed
climate series and which is compensated for in the residuals by a negative spike.

In order to investigate the robustness of the principal component time series E (%)
and the proportional series ¢} (t) against influence from the individual ion series,

()
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we have quantified the influences of each individual ion series ¢"(t) by repeating
the analysis excluding the variable ¢ and then again including it twice. Hereby we
obtained the series (£;_), and (E1.), with variances (V;_), and (Vi ), respectively,
differing from FE; due to the influence from the variable ¢. Performing this procedure
for all the variables we determined the significance band o(t) of F1(t) as the sum
of influences by all ionic components:

2 2
_v, Z ( 1 El—(t)) n <E1(t) _ E1+(75>) _ (9)

2\\vni - Vi /i AV Vg,
Around the residuals ¢!* the corresponding band (+EOF}! - std(c) - o(t)) represent
the limit of influences from individual ion series on c*. We therefore consider this
band as significance limits for ion-specific residual signals. In Figure 6.9 is shown an
example of significance bands for Mg?*. The significance band show that for Mg?*

the residuals is mainly influenced by noise in the other ion series and therefore do
not represent significant non-linear contributions to Mg?*

— Model log[Mg™"]
Residual

'
1 1
| l A WRRTCLOLN LEUN Y
ﬂhﬂ.“:-"f'm ‘:.:\l'w D, '\;“"‘ 'Q- " \ i M»ﬂf L‘;}\@}iﬁ-\,qu.,‘n\#‘vgy Nl
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Figure 6.9: Result from the robustness test shown for Mg**. The significance band
show that for Mg** the residuals are mainly influenced by noise in the other ion
Series.

Parameter estimations

Determination of \: We now want to determine the parameter A in expressions
(3) and (4). Since p is an undetermined parameter so is A, but as already pointed out,
A is proportional to the standard deviation of f¥(¢). In the following we therefore
refer to A as the standard deviation std(c™) of the model series ¢*:

A = std(cM) = EOF} \/V; std(c). (10)
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Uncertainty to A\: Although the parameters );’s are unequivocally determined
from expression (10), they might change if we excluded variables or added new
variables to the analysis. In order to determine an uncertainty to the \;’s we use the
procedure as in the robustness test described above in order to evaluate influences
on \; from all the variables. For each repeated analysis excluding one variable j or
including it twice we obtain a set of \;_ and \;_ respectively. The uncertainty o(\;)
to \; we determine as:

o(N)? = Z% <(>\z - )\i—)i + (A — >\i+)§> + (N = M) (11)
i

Non-linear properties of logarithmic data: Parameters achieved from the
EOQOF principal component characterize only the linear properties of the logarithmic
ion concentrations. Non-linear features of logarithmic ion concentrations may also be
used for characterization. Based on the residual series ¢ = ¢™—cM we want to define
a deviation A\ from the linear relationship characterized by A. We may consider A\
as a second order term to \. Therefore in order to define a parameter A\, matching
A, that characterizes non-linear properties of logarithmic ion concentrations, we
make use of the fact that the EOF components are statistically independent, i.e. the
variances are related according to: Var(c¢™) = Var(c™) + Var(c?). Further we use

that A = std(cM) = \/Var(cM) and define A + A\ = /Var(c™) = /\* 4+ Var(cR)

le.:
AN =/ X+ Var(c®) — A (12)

The residuals (c?) from the EOF analysis represent, in addition to the non-linear
response to climate conditions, signals from special events, noise and contributions
from other variables in the analysis.

We can confine the estimation of the non-linearity, A\, to account only for
climate responses by substituting ¢ with a box-filtered series f? that is preserving
only variability on a time scale of the D/O events and longer (an example of a box-
filtering of the residuals is shown in Figure 6.7). We then assume that the filtered
residual is uncorrelated to the model series (i.e. Var(c’) = Var(c™) + Var(f?))
and substitute Var(c?) — Var(f?) in equation (12):

AN = /X +Var(fB) — A (13)

The statistical properties of A\ is illustrated in a geometric representation in Figure
6.10.

AN represent both systematic non-linear patterns and effects from underlying
trends in the series. Both of these effects are limiting factors on the power law
approximation. Therefore A\ may serve as a significance limit for the power law
represented by .
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%;td(c") std(c™)

Std(f-B) Std(cclir‘ >ate)

std(c"y=\ AL

Figure 6.10: Geometric representation of standard deviations of the series obtained
by a separation of the logarithm of the measured concentrations are represented by
™ = In(C™) into a model series c™ obtained from the EOF analysis and a residual
series cf* = ¢m — M,

celimate: — M 1 £B penresent the dominant climate contribution to the series of
c™, where fB is the filtered residual series. X = std(c™) is the sensitivity to climate
conditions given as the standard deviation to c¢™ .

We can consider the box filtered residual f? as a second order climate contribu-
tion f’ and describe the climate signal in logarithmic ion concentrations as: c*imate ~
M+ B and in concentrations as: Cimate = CM 4 7 where F' = CM.[exp (f') — 1].
However, in case of many spikes in the residual series, a median filter should be used
instead of a box filter. Because of noise from other variables in the residual series
it is not suitable to evaluate the series f/ and F’. In our analysis we are therefore
not going in detail in climate series reconstructions. We will instead focus on the
residual series with significance limits attached.

Reconstructing the power law: The parameters o and K in equation (1),
for the relationship between two species A and B is given by aap = Aa/Ap and
In(Kap) = avg*(c}) — aap avg® (cg) -

In Table 6.3 we show parameters «;, K; relating the model concentrations C
of the different ions to the model concentration C3! for Ca?*. These parameters
are given by a; = \;/Aca and In(K;) = avg*(¢") — oy avg (In CYL).

Uncertainty estimates: Errors Aa and Aln(K) are evaluated on the basis
of A\ using Taylor’s error propagation formula. AK is determined by AK =
K(exp [Aln(K)] —1).

A\ reflect variability in the amplitude of the logarithmic series. We therefore
assume that the error to avg* is of the same magnitude as A\.

Instead of the natural logarithm (In), we may use logjo in the analysis. In
that case model series are estimated as: CM(t) = 1O{CIM('§)], and K; and AK will
be evaluated according to log,o(K;) = avg*(c!") — a; avg (log;o C¥) and AK; =

Ki(loAlogw K; _ 1)
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Weighting by time: In order to obtain a comparable ion composition character-
istics from the analysis, we want to take sample time intervals into account. This
we may do by performing the substitution

- 1 & 1 &
n=1 n=1 n=1

where index n refers to the individual samples and At, refers to the time interval
of that sample. This substitution is relevant for the evaluations of elements in the
data covariance matrix (X, = (2, — ) (y, — ¥)), variances (X, = (z, — 5)2) and
averages (X,, = z,,). The standard deviations and the normalized data values are
determined using the time weighted parameters of variance and average. For the
analysis presented here, the results are not significantly different whether we take
sample time intervals into account or not. However, the substitutions in expression
(14) offer the opportunity to compare ion composition characteristics from different
ice cores for which suitable time scales are available.

6.4 Transport model

A power law relationship between concentrations of different ions can be a result of
a single physical process acting on the ions. Here we discuss the possible influences
on aerosols during long-range transport. Enormous amounts of dust and sea salt are
emitted into the atmosphere, but only trace amounts of these aerosols are reaching
Greenland. This suggests that conditions for transport has a major influence on
concentrations in Greenland ice cores and that concentrations of dust and sea salt
vary with varying conditions for transport. A fractionation process during trans-
port could be responsible for the different sensitivities of the different soluble ions
to changed climate conditions and result in a power law relationship between ion
concentrations.

Here we apply a transport model to the ions in Greenland ice cores. First we
consider very simple physical processes in order to get an understanding of how
transport conditions can influence the relationship between ion concentrations in
Greenland ice cores. In the simple model we assume that changing climate conditions
are associated with changes in wind speeds. Later we will discuss the results from
the statistical analysis of ion composition and also extend the transport model and
apply a more realistic view, of physical processes influencing ion concentrations.

One-dimensional transport model

Assuming a constant initial size distribution Ruth et al. (2003) explained a sys-
tematic change in particle sizes in the NorthGRIP ice core as an effect of size frac-
tionation during transport. For cold periods particles are less fractionated due to
shorter transport times as a consequence of better conditions for transport. We have
extended this view to explain also systematic variations in ion composition.
Analysis of Nd (neodymium) and Sr (strontium) isotope composition and clay
mineralogy of the mineral dust material in central Greenland ice cores has shown
that this material is most likely from East Asian desert areas (Biscaye et al., 1997),
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(Svensson et al., 2000). We can therefore consider the dust source area as a relatively
small area with a single location (point source) and apply a simple one-dimensional
model where aerosol is emitted from a point source and then follow a well defined
transport path to the ice sheet (see Figure 6.11). This model is similar to the model
used by Ruth et al. (2003) to describe particle size fractionation.

Wind transport
Co
C
L C
N .
< W
Sources Ice sheet

Figure 6.11: Simple one dimensional transport model for dust deposition in Green-
land.

Aerosol in a moving air parcel: To begin with, we consider a model of a moving
air parcel with an initial aerosol concentration of C*™? at t+ = 0. Concentrations
C*r of aerosol in a moving air parcel are generally described to first order by

C(t) = 0™ exp {—E} (15)
T

where t is the atmospheric residence time and 7 is atmospheric aerosol lifetime.

Assuming that the air parcel is driven by a constant wind speed we replace time,
t, in expression (15) with transport distance (r — r°) divided by wind speed v, i.e.
t— (r—1°/v:

v T

_ 0
C«air(r _ TO) — Cair,O exp |:_ (T r ) . l]

An air parcel moving along a fixed trajectory: Now we follow an air parcel
along a fixed trajectory, L = (Tice — rsource), from aerosol uplift in the source area
until it passes over the ice sheet. Assuming that concentrations in the ice are pro-
portional to air concentrations, C'“®= vC?* we can express aerosol concentrations
in the ice as a function of wind speeds:

L 1] )

Cice (U) — ,ycrair,o exp |:__ L

T v

If we substitute L/7 — X and 1/v — p we obtain from expression (16) a one
dimensional transport model of the form

C(p) = C**° exp(=Ap) (17)
that is identical to expression (4) in the previous section.
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In the simple model of expression (17) the strength, C®? indicates the at-
mospheric concentrations at the source (point source) and C'*(p) indicates the at-
mospheric aerosol concentration over Greenland after depletion in air concentration
during transport along the path length L and under the climate conditions given by
p=1/v.

Assuming a constant emission of aerosol at the source and a constant transport
path to Greenland, aerosol concentrations in Greenland will vary with varying cli-
mate conditions associated with varying wind speeds. The sensitivity A\ to changes
in wind speeds is proportional to the length L of the trajectory and inversely pro-
portional to the aerosol lifetime 7.

Simple fractionation model: We now consider fractionation of aerosol species
in a moving air parcel. Different aerosol species A and B in a moving air parcel
with air concentrations C9 and C% for ¢t = 0 and else C4(t) and Cp(t), and with
different atmospheric life times 74 and 75, are fractionated along the transport route

according to
(C’A> (Cg) (CB(t))(al) (18)
Ch ® Y CcY%

where the fractionation factor « is given by the ratio 74/7p5 of the atmospheric
aerosol lifetimes for the two aerosol species. Expression (18) can be written in the
form of a power law:

Cu(t) = K - Cp(t)°

For a fixed trajectory we can substitute the time t — L/v and the fractionation
factor « = 74/7p — Aa/Ap. Therefore, using the one-dimensional transport
model, we can explain the power law relationship between ion concentrations in
Greenland ice cores as an effect of aerosol fractionation during transport where the
fractionation factor, «, is given by the power in the power law.

Fractionation model in a complex transport system

The one-dimensional transport model described above is valid for single air parcels,
but is far to simple to apply to ice core records that do not resolve into single
precipitation events.

In the dust storm season large plumes of mineral dust are long-range transported
from Asian deserts and across the North Pacific. During this transport, fractionation
of the dust minerals likely occurs and can result in a power law relationship for dust
derived soluble ions in Greenland ice cores. However, sea salt and mineral dust in
Greenland ice cores are the result of different trajectories and we therefore cannot
consider aerosol fractionation in a moving air parcel to explain the relationship
for dust and sea salt species. Instead we consider the depletions of the aerosols
during transport independently. In equation (18) we may substitute ¢ and o =
TB/Ta with p and @ = Ag/A4, but in a complex transport system p no longer
is represented directly by inverse wind speeds, as in the simple one-dimensional
transport model. Instead p is a parameter indicating transport efficiency for a given
climate regime. This has implication for the strength, Cice’o, which can no longer
be considered as representing air concentrations in the source area, but rather as a
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regional source strength, dependent both on source emission and on the large-scale
transport patterns.

Seen in a complex transport system the climate parameter, p, indicate a gen-
eralized transport efficiency (inversed), the strength, C°, indicate regional source
strength, dependent on both source load and large scale transport patterns, and the
sensitivity, A, reflect physical properties related both to processes influencing the
aerosols during transport and to the large-scale transport patterns.

When applied to explain the relationship between ions in the NorthGRIP ion
record, the transport model assumes that aerosol emissions and the large-scale trans-
port patterns are constant during transitions between D/O events whereas trans-
port efficiencies are varying synchronously with changing climate conditions. These
assumptions are extreme simplifications when compared to the detailed reconstruc-
tions of aerosol emissions and transport that are performed on the basis of models
and proxy-records. However, on the basis of our analysis we will be able to discuss
the importance of transport efficiency relative to other effects on ion concentrations.
Furthermore based on the residual time series, which we obtain from our analysis,
we will be able to discuss possible systematic changes and long-term changes in large
scale transport patterns.

6.5 Results

We analysed ion composition in a section of the NorthGRIP ice core corresponding
to a time period within MIS3. We have weighted the sample data by sample time
interval according to expression (14) using the ss09sea chronology from Johnsen et
al. (2001).

EOF analysis of eight ionic components: The principal component of the EOF
analysis of eight ion series explains 86 % of the total variance of the logarithmic ion
concentrations and between 93 % and 96 % of the variance for the five dominant
ions Ca?*, Mg?*, SO2~, Na* and Cl~. For F—, K*, and Li* only 74 %, 64 %, and
76 % of the variances are explained. The relatively low percentages for those three
ions are mainly caused by a high contribution to the variance from spikes. We can
demonstrate the effect from spikes by evaluating the variances obtained by a running
5-point median filter on normalized data series. These variances only differ a few %
from the variances explained by the EOF principal component (see Table 6.3).

We evaluated significance bands, o, for the principal component time series ac-
cording to equation (9). Significance bands for the principal component series is
represented in the top curves in Figures 6.12.a and 6.12.b. Attaching corresponding
significance bands to the residual series for each variable, we can show that these
series represent significant ion specific features.

Estimation of parameters: Statistical parameters for the logarithmic ion con-
centrations and model series (¢ and ¢) is shown in Table (6.3), where X is given
as std(cM). The sensitivity, A, is highest for Ca?" with A = 0.839 £0.005 and lowest
for CI~ with A = 0.412 + 0.009. The term avg* is obtained by a 5 points (2.75 m)
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running median filtering. The uncertainty, o, to A is estimated according to ex-
pression (11). The non-linearity, A\, represent systematic and long term deviations
from A\ and was estimated according to equation (13). The estimation of A\ was
based on a 9 point (or 4.95 m) box filtering of the residual c¢®. A\ is significantly
higher for the ions, Lit, K+, and F~, which is likely to be an effect of the large
noise in these series that might be weighted incorrectly when working on logarith-
mic data. However, these ions are associated with clay minerals and therefore noise
in their series could also be an effect of chemical weathering in the source areas. For
the major ions A\ is highest for Ca*, with A\ = 0.008, reflecting the systematic
non-linear features for logarithmic Ca?*concentrations.

Power law characteristics o and K, describing ion concentrations in terms of
model concentrations for Ca?™ (C!) are shown in Table (6.4), where the first column
show the correlation between model concentrations and measured concentrations.
The correction for spikes (avg — avg*) has only little influence on the results.
We estimated the effect (the non-climate contribution; N.C.C.) of the substitution
avg* — avg in expression (8) where avg* is the average of the 5 point running
median filtered logarithmic ion concentrations (shown in the last column in Table
6.4). For Mg?*, the concentrations are corrected by only 0.4 % whereas K+ and F~
concentrations are corrected by 3.1 % and 3.3 % respectively. The model series and
residuals for all components are shown in Figures 6.13.a-6.13.c.

2?%01;;“ 7:: fr?.r avg | avg® | std | A ox (%) | AN
Lit i 75 -6.48 | -6.50 | 0.555 | 0.486 | 0.001 0.0182
Na*t 95 92 0.44 | 0.44 | 0.459 | 0.447 | 0.004 0.0043
K* 64 67 -2.30 | -2.33 | 0.647 | 0.519 | 0.001 0.0439
Mg?+ 96 94 0.14 | 0.14 | 0.606 | 0.594 | 0.008 0.0048
Ca®" 95 96 1.57 | 1.57 | 0.859 | 0.839 | 0.005 0.0081
F~ 74 79 -3.53 | -3.56 | 0.733 | 0.631 | 0.008 0.0528
Cl- 93 92 0.61 | 0.61 | 0.427 | 0.412 | 0.009 0.0071
SO, 93 90 0.99 | 0.98 | 0.678 | 0.654 | 0.003 0.0068

Table 6.3: Statistical parameters for the measured series ¢ = In(C™) and the
model series ¢M = In(CM). The first two columns shows % wvariance of the nor-
malized series, c, represented by respectively the principal component of the EOF
analysis and by a 5 point running median. The next two columns show averages
of ¢™ and cM respectively, where avg(c™) = avg* is the average of 5 point median
filtered series ¢™. The last four columns show std(c™), A = std(c™), o and A re-
spectively. oy represent the uncertainty to estimations of X from the set of variables.
A\ represents variations of A along the series analysed.
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| corr. | aica | Aaica | K | AK(%) N.C.C. (%)
Lit 049 [0.58 [0.02 0.00061 | 4.1 2.0
Nat [0.98 | 0.53 |0.01 0.68 0.6 0.6
KT [048 [062 |0.05 0.037 | 3.1 3.1
Mg+ [ 098 | 0.71 | 0.01 0.38 0.4 0.4
Ca’t [ 097 |1 0.01 1 0.4 0.4
F~ 0.39 | 0.75 | 0.06 0.0088 | 3.3 3.3
Cl- 096 |049 |0.01 0.86 0.6 0.6
SO~ 095 | 0.78 |0.01 0.78 1.7 1.7

Table 6.4: Parameters relating ion concentrations by the power law. The first
column 1s the correlation between model concentrations and measured concentrations.
K represent ion concentrations in the case of [Ca%} =1 eq-kgt. The last column

show the non-climate contribution (N.C.C. in % of measured ion concentrations).

R M

Investigation of residual signals The residual series ¢'* = ¢ — ¢ are shown
in figures (6.12.a and 6.12.b). The model time series, ¢* (), are all proportional to
the principal component series, F1(t), shown as the top curve in both figures. The
residuals are therefore scaled relative to the top curve according to their magnitude
relative to ¢ (t). Together with the principal component series the residuals con-
stitute an alternative representation of the data record. In principle these residuals
are just a result of the linear transformation performed by the diagonalization of the
covariance (correlation) matrix, but with significance limits attached, they represent
ion specific signals.

Figure 6.12.a shows the residual for the 5 major ions, Ca?*, Mg*", SO, Na*,
and Cl=. Ca?* shows significant residuals during stadials except for S-10, S-15
and S-16. Mg?* and SO3~ show no major systematic patterns in their residuals.
The sea salt species Nat and Cl~ show in their residuals significant systematic
patterns, slightly more pronounced for Cl~, with generally large residuals during
the interstadials except for the very warm periods.

Figure 6.12.b shows the residuals for the three species K™, F~, and Lit. They
all show large residuals and obviously have added a lot of noise to the principal
component. Some systematic patterns could be a consequence of the analysis being
performed on logarithmic data, where noise with constant amplitude appears larger
during intervals with low concentrations. During interstadial IS-15, F~ shows a large
residual in association with the Z2 eruption. The signal is decaying backwards in
time and reach back into stadial 15. One may speculate whether this decay is an
exceptional firn effect, where F~ has diffused all the way through the firn during
deposition, or if it is an effect of the sampling procedure.
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Figure 6.12.a: The principal component sem’es E;(t) (top curve), and logarithmic
residual series, ¢, for Ca®>*, Mg**, SO3~, Na* and Cl~, all with significance bands.
Interstadials are indicated by numbers at the top. The major tons both from dust and
sea salt show a negative compensation around the Z2 volcanic eruption at around
56 ka BP. The major dust components Ca**, Mg*" and SO~ show large residuals
during stadials. This pattern is most prominent for Ca?T where the residual during
stadials accounts for up to 20% of the measured calcium concentrations (see Figure
6.13.a). The residual series for Na™and Cl~show a tendency to a positive signal
during the later part of interstadials.
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Figure 6.12.b: The principal component series, Ey(t) (top curve), and logarithmic
residual series, cf*, for K+, F~, and Li*. Interstadials are indicated by numbers at
the top. The ions F~, LiTand Kt are dust derived, but show a pattern different from
the major dust derived ions Ca**, Mg**, and SO3~. The generally high residuals
during interstadials could be an effect of using logarithmic concentrations.

EOF analysis of the six dust components: The ion species that we analyse
here represent two different types of aerosol, sea salt and mineral dust. We did an
analysis only for the six dust components, leaving out Na™ and Cl~. This analysis
showed no major differences in the residuals compared to the analysis including all
eight ions. The residual concentrations, C*, for Ca?* in the two analyses, with and
without sea salt species, showed a correlation coefficient of 0.92, which means that
the systematic patterns of Ca?* residuals is a feature within the dust species and
not an effect of the relationship between mineral dust and sea salt aerosol. The
invariance of residuals for dust species in the two analyses implies for the sea salt
species (Na™ and C17) that their residuals represent features of the relationship
between sea salt and mineral dust aerosol.

Robustness against the Z2 signature: We tested the robustness of the princi-
pal component series against the large contribution associated with the Z2 eruption
by repeating the analysis without two data points around the Z2 eruption. The
correlation coefficient between the residuals in concentrations, C'®, obtained by the
analyses including and excluding these data points was better than 0.99 for all ions,
which means that the chemical signature of the Z2 eruption had no impact on the
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analysis even though it appears as an artefact in the climate series evaluated from
the principal component.

Model concentrations: Measured ion concentrations, C"*, model concentrations,
CM and residuals C = C™ — CM, are shown for all eight ions in Figures 6.13.a-
6.13.c. The residuals appears differently in the concentration series. The residual
for Ca?* concentrations show large positive deviations from the power law in the
cold periods of stadials S-9, S-11, S-12 and S-13. These deviations correspond to
up to 20% of Ca%* concentrations. The Mg?* residual show the same tendency, but
to a lesser extent and not exactly synchronous with Ca?*. The SO?~ series show a
slightly larger residual in stadials S-12 and S-13.

The sea salt components Natand Cl~ show negative residuals in cold periods and
positive residuals in the late part of the warm periods. These systematic patterns
suggest an effect of minor differences in the large-scale transport patterns of the
stadials and interstadials rather than a source effect.

The dust components K, F~, and Li™ show negative residuals during stadials,
which could be a consequence of using logarithmic concentrations or an effect of
possible different weathering mechanisms in the source area during cold and warm
periods.

Investigation of influence from accumulation rates: To evaluate effects of
changing accumulation rates we repeated the analysis including accumulation rates
estimated on the basis of §'®O values (Sigfus Johnson unpublished data). Inverse
accumulation rates respond to climate changes very similarly to ion concentrations
and will affect ion concentrations linearly. We included normalized logarithmic
accumulation rates in the analysis. The principal component explained 80 % of
the variance for this series, which is a relatively high covariance. However
was far below 1 for all ion species (e.g. @uee.ca = 0.26; o = 1 indicates a linear
relationship). This means that possible effects from deposition processes are of
secondary importance only.
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Figure 6.13.a: (Previous page) Measured ion concentrations, model concen-
trations and residuals (measured - model) for the dust species Ca®**, Mg**, SO7 .
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Figure 6.13.b: (Above) Measured ion concentrations, model concentrations
and residuals (measured - model) for the sea salt species Nat and CI~.

Figure 6.13.c: (Next page) Measured ion concentrations, model concentra-
tions and residuals (measured - model) for K+, F~, and Li*.
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6.6 Discussion

A main result of the analysis is the estimation of sensitivities, A, for all investigated
ions, where \ are found to be larger for the dust species than for the sea salt species.
According to the simple transport model, applied in this analysis, A\ is directly
related to aerosol life time, 7, and transport path length L.

Dust: Chinese desert areas have been found to be the dominant source area for the
dust in Greenland ice cores (Biscaye et al., 1997; Svensson et al., 2000). Therefore
we can consider the transport path for different dust species to be identical, and the
different A among dust species must be explained by different aerosol lifetimes for
the different species. We can range the life time for dust species as follows:

Tinsoluble dust < TCa2+ < Tgo2 < TF < T2+ < T+ < Trjt-

where we also have included the range of life times for insoluble dust and Ca%*
determined from concentrations of insoluble dustmass and Ca?* in the GRIP ice
core. The different transport life times for the different ion species can be resulting
from mineral fractionation during transport.

During long-range transport, dust particles are subject to various fractionation
processes. Dry deposition and collision scavenging processes result in different kinds
of size fractionation, whereas nucleation scavenging result in fractionation according
to hygroscopic properties of the aerosols.

Clay minerals are considered more hygroscopic than other minerals and hence
are more sensitive to nucleation scavenging. Therefore, if nucleation scavening is
the the dominant fractionation process, ions derived from clay minerals would show
a relatively shorter lifetime. Based on our observation of longer lifetimes for the
clay derived dust species (LiT and KT), we can exclude fractionation by nucleation
scavenging as a major effect on ion characteristics. The different lifetimes for dust
species must therefore be explained as an effect of different size characteristics for
various mineral types.

Under dry conditions lifetimes depends inversely on the square of particle radius
(gravitational settling). Particles of quarts and feldspars belong to the coarse particle
fraction whereas clay particles are related to the very fine size fraction and have
under dry conditions therefore a relatively longer lifetime (Arnold et al., 1998).
Quartz and feldspars are insoluble minerals and our observation of the relatively
shorter lifetime of the insoluble dust material is likely to be associated with those
minerals. The soluble dust species of Ca?", Mg?", and SO3 are mainly derived
from carbonates and sulphates (limestone, dolomite and gypsum), that might have
smaller particle sizes than quartz and feldspars. A fraction of the soluble Mg?* is
probably dissolved from clay minerals. F~, K*, and Lit are mainly derived from
clay minerals. However, a large fraction of K% is from sea salt, which might have a
influence of the estimated lifetime for K.

Collision scavenging has a larger effect on particles that are both larger and
smaller than particles around 1 pym in diameter. The dust particle size mode ob-
served in Greenland ice cores vary close to 1 um in diameter. Therefore the dust
material in Greenland ice cores can have been affected by collision scavenging.
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We observed a factor of 1.7 in difference of the Mg?*™ /Ca?* ratio between stadials
and interstadials in the NorthGRIP MIS3 ion record. For such a large change in
ratios between ion concentrations to be a result of changes in particle size mode of
only 10 %, as observed by Ruth et al. (2003), requires that the two species Mg?Tand
Ca?* are related to distinctly different particle size fractions, which would be the
case if a relatively large fraction of Mg?* is derived from clay minerals.

Sea salt: The sensitivities, A, for sea salt species are smaller than for dust species.
This we consider to be partly an effect of a shorter transport path length for sea
salt; i.e.:

Lsea salt < Ldust

We assume that the source of sea salt is located at open ocean, more specificly
where wind conditions for uplift and long-range transport are most favourable. This
means that the location of the sea salt source is coupled to the patterns and strength
of the jet stream (see Chapter 2.5). If the sea salt source during the last glacial was
located in the North Pacific, the transport path to Greenland would be smaller for
sea salt than for the dust, as inferred from the \’s.

Possible changes in the jet stream patterns could result in a change in location of
the sea salt aerosol, which would affect the dust/sea salt relationship in Greenland
ice cores. Therefore we will consider changes in the jet stream patterns as a possible
explanation for non-linear patterns in the relationship between logarithmic dust and
sea salt concentrations.

Non-linear properties: Non-linear properties of the relationship between loga-
rithmic concentrations of soluble ions in Greenland ice cores include both system-
atic non-linearly patterns and long term trends, and reflect limitations in the simple
transport model. Such limitations could be related to the source, to the trajec-
tories and to the processes influencing the aerosol during transport. Concerning
the source, the model would be invalid if the source areas differ significantly from
a point source, or if the source has changed location or strength during the time
period of the series analysed. Concerning the trajectories, the model would be in-
valid if there was significant changes in trajectory patterns, e.g. seasonal changes
in trajectory patterns, or if different dust species were transported along different
trajectories. Concerning the aerosol life time, the model would be invalid if the
dominant fractionation process changes with changing climate.

Ion concentrations in Greenland ice cores show strong seasonality both for present
and for the last glacial (Ruth et al., 2002; Steffensen, 1988). At present dust and
sea salt in Greenland is mainly deposited during spring and winter, respectively
(Steffensen, 1988) mainly due to more effective uplift and transport during this time
of the year (see Chapter 2.9). Seasonal changes in the jet stream patterns and
strength adds could be a limitation for the simple transport model that we used to
explain the relationship between ion concentrations in Greenland ice cores.

A analysis including only six components: LiT, K+ Mg?*, Ca?", F~, and SO7 ",
showed that the large residuals during stadials for Ca?" is a feature of the dust it
self rather than an effect of the relationship between dust and sea salt. To explain
the non-linear features of Ca?", we therefore will look for effects acting on the dust
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alone. Assuming that the dust source location remains constant during changing
climate, one explaination for the large Ca?" residual could be changes in mineral
characteristics of the aerosol dust material. Another explanation could be related
to trajectory patterns, which during the last glacial might have been affected by
changes in temperatures, sea ice extent, and ice sheet topography. Furthermore, the
season for dust storms during the last glacial might have been extended compared to
present (Tegen et al., 2002) and therefore dust in Greenland during the last glacial
could have been influenced by seasonal changes in trajectory patterns. However, if
the dust source can be considered as a point source, changes in trajectory patterns
for dust would affect the relationship between dust species, only, when combined
with other effects acting on the aerosol lifetimes. An exsample could be seasonal
changes in trajectories combined with seasonal changes in mineral characteristics in
case of an extended dust season confined to only a part of the desert dust source
areas.

A resent model simulation has shown a strong seasonality in the LGM jet stream
patterns, with a split configuration over the Laurentide ice sheet and a strong north-
ern branch during winter and a single branch south of the Laurentide during summer
(Bromwich et al., 2004). In such a pronounced seasonality, an extended dust season
would result in a very strong seasonal change in transport patterns for dust, most
likely to be associated with seasonal effects both in the source areas and in the
dominant fractionation process.

The small deviations in linear properties between sea salt and dust, as reflected
in the large residuals for Na™ and C1~ during interstadials, could be an effect of small
changes in the source location of the sea salt source. We would expect that the sea
salt source, following the jet stream patterns, moved south during cold periods, but
the large residuals at the end of interstadials suggest a larger A for sea salt during
these periods, which we can explain as a west ward movement of the sea salt source
during the warm periods. However, we must also consider the possibility of a change
in trajectories and eventually changes in seasonal patterns of trajectories.

6.7 Conclusions

We have developed a statistical method that provides characteristics of ice core ion
records. On the basis of a simple transport model we infer physical meaningful
parameters from these characteristics. We can interpret statistical parameters ob-
tained from the NorthGRIP record of soluble ions in terms of large-scale transport
patterns, aerosol life times, and source strength.

Our interpretation is partly motivated by the systematic relationship between
the ¢'®0 record and logarithmic ion concentrations. The ion characteristics that
we obtain from the statistical analysis are in principle just the mean and the am-
plitude (standard deviation or "sensitivity") of D/O variations in the different ion
series. However stadials and interstadials represent two distinctly different climate
regimes, and we therefore have to be concerned about systematic differences in ion
characteristics for warm and cold periods. The results of our analysis of ion char-
acteristics in the NorthGRIP ice core suggest that source strengts and large-scale
transport patterns changed only little during the D/O events. Major changes in ion
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concentrations can be explained as mainly an effect of changing transport efficiency.
At present the seasonal variation in windspeeds results in a seasonal pattern of de-
position of sea salt aerosol in Greenland. This leads us to suggest that windspeeds
have had an important influence on aerosol transport during the last glacial period.
Changes in transport patterns and source strength during the last glacial have had
only a secondary influence on concentrations of dust and sea salt in Greenland ice
cores. These seondary effects are reflected in the non-linear patterns represented by
the EOF residual series.

Various sensitivities for dust species are explained in terms of different aerosol
life times, and the relatively small sensitivities for sea salt species are explained in
terms of a relatively shorter tranport path.

Interpretations of the parameters C°, A, and p could be further improved. C°
might be determined in terms of an upper limit of ice core concentrations with
respect to the prevailing source strength and transport patterns. This upper limit
would depend on the high frequency variance in the jet stream patterns.

More detailed investigations of non-linear patterns in the ion records is needed
in order understand the underlying physical processes. Comparisons with model
simulations of jet stream patterns will help understand effects of source emission
and trajectory patterns, and possible seasonal effects.

Comparisons of ion characteristics in Greenland ice cores from different locations
(e.g. NorthGRIP and GISP2) could improve understanding large-scale transport
patterns during the last glacial period and the relative importance of source effects
and transport effects on non-linear properties in the ion record.
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Two deep ice cores from central Greenland, drilled in the 1990s, have played a key role in climate reconstructions of the Northern
Hemisphere, but the oldest sections of the cores were disturbed in chronology owing to ice folding near the bedrock. Here we
present an undisturbed climate record from a North Greenland ice core, which extends back to 123,000 years before the present,
within the last interglacial period. The oxygen isotopes in the ice imply that climate was stable during the last interglacial period,
with temperatures 5 °C warmer than today. We find unexpectedly large temperature differences between our new record from
northern Greenland and the undisturbed sections of the cores from central Greenland, suggesting that the extent of ice in the
Northern Hemisphere modulated the latitudinal temperature gradients in Greenland. This record shows a slow decline in
temperatures that marked the initiation of the last glacial period. Our record reveals a hitherto unrecognized warm period initiated
by an abrupt climate warming about 115,000 years ago, before glacial conditions were fully developed. This event does not appear
to have an immediate Antarctic counterpart, suggesting that the climate see-saw between the hemispheres (which dominated the

last glacial period) was not operating at this time.

The two deep ice cores drilled at the beginning of the 1990s in
central Greenland (GRIP' and GISP2**, respectively 3,027 m and
3,053 m long) have played a key role in documenting rapid climate
changes during the last glacial period. However, it quickly became
clear that the bottom 10% of at least one (and most probably both)
of these ice cores*® * was disturbed owing to ice folding close to the
bedrock. The Central Greenland ice core records are fully reliable
climate archives back to 105,000 years before present (105 kyr sr),
but the disturbances mean that no reliable Northern Hemisphere ice
core record of the previous interglacial (the Eemian climatic period)
was known to exist in the Northern Hemisphere.

This situation motivated the search for a new drilling site
where undisturbed ice from the last interglacial period'’, and even
from the previous glacial period, would be accessible'". The North
Greenland lce Core Project (NGRIP) site, located at 75.10 °N and
42.32 °W with an elevation of 2,917m and an ice thickness of
3,085 m (Fig. 1), was selected on the basis of three criteria that, when
satisfied together, should produce dateable ice older than that found
in central Greenland: a position on a ridge to reduce deformation by
ice flow, flat bedrock, and a lower precipitation rate. The present
accumulation rate is 0.19m ice equivalent yr ', the annual mean
temperature is —31.5°C, and the ice near the base originates 50 km
upstream of the ice ridge in the direction of Summit'®. The NGRIP
drilling started in 1996, and bedrock was reached in July 2003.

Dating of the NGRIP climate record

The climate record of the oxygen isotopic composition of the ice
(5"0) from the NGRIP ice core is shown in Fig. 2 (and is available
as Supplementary Information). In cold glaciers where the basal ice
temperature is below freezing, the annual ice layers typically thin
towards zero thickness close to bedrock, and flow induced disturb-
ances can limit the usefulness of the deepest part of ice cores'. In
contrast, at NGRIP high rates of basal ice melting, estimated to be
7mmyr ' (refs 12, 14), remove the bottom layers, greatly restrict-
ing the thinning of the layers and the possibility of ice disturbances.
Whereas the present-day accumulation is 15% lower at NGRIP than
at GRIP, NGRIP annual layer thicknesses at 105kyrer (depth
2,900 m) are of the order of 1.1 cm, twice that of GRIP ice of this age.
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Figure 1 Map of Greenland, showing the locations of the deep ice core drilling sites. The
sites GRIP (72.5°N, 37.3 "W), GISPZ (72.5 °N, 38.3 “W), NGRIP (75.1 °N, 42.3 "W, Camp
Century (77.2 °N, 61.1 “W), Dye3 (65.2 °N, 43.8 W) and Renland (71.3 °N, 26.7 "W) are
marked. The Greenland map was provided by S. Ekholm, Danish Cadastre.
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The NGRIP isotopic record covers the Holocene, the entire last
glacial period, and part of the Eemian period. The 24 abrupt and
climatic warm Dansgaard—Oeschger (DO) events, or Greenland
interstadials (GIS), initially numbered in the GRIP record"” are very
clearly identified (Fig. 2a, b), as are the climatic cold Greenland
stadials (GS) that follow the DO events. The NGRIP core has been
cross-dated to the GRIP core ss09sea chronology'® down to
105 kyr BP using the high-resolution ice isotope profiles and volcanic
events found in the ECM and DEP records™. Older ice is cross-dated
to the Antarctic Vostok ice core records by using concentrations of
methane and §'%0 of the entrapped air®72 To determine if deep
ice folding is a problem at NGRIP, we concentrate on the period
corresponding to the marine isotope stage (MIS) 5d/5¢ transition
dated around 105 kyr P at Vostok (GT4 timescale). From methane
and 5'°N air measurements, we confirm that this transition is the
counterpart of the Northern Hemisphere stadial 25'%°'** that ends
with the abrupt onset of DO 24 at the NGRIP depth of 2,940 m
(Fig. 3). At this depth, methane concentrations in air exhibit a rapid
increase from 450 to 650 p.p.b.v., a shift which is also observed in the
Vostok data (Fig. 3), and the §'°N air signal, measured with a
resolution of better than 100 yr, shows a rapid increase typical of DO
events, resulting from thermal and gravitational fractionation
processes. The increase in 8'°N and in methane concentration
over the warming of DO 24 are both located 7m deeper in the ice
core than the corresponding 8'%0 transition®®? (Fig. 3). This
reflects the typical depth shift, or gas-age/ice-age difference,
expected with normal firnification processes and later thinning
through ice flow”®. This supports our contention that the bottom ice
is undisturbed by folding or ice mixing. We note that similar
investigations on the GRIP core have confirmed that this record is
indeed disturbed at the time of the 5d/5c¢ transition™'®, as in that
core the isotope and gas transitions are located at the same depth.

Below DO 19 the NGRIP record is compared to the planktonic
oxygen isotope record from marine core MD95-2045 drilled on the

Iberian margin® (Fig. 4). On the basis of strong similarities between
these two records and ice modelling as well as "0 air measure-
ments on the deepest parts of the core compared with Vostok, the
basal part of the NGRIP record is dated to 123 kyr BP. Owing to the
basal melting, the annual layer thickness of the ice from 2,700 to
3,085m (90 to 123 kyrp) thins much less than in the case of no
melting, further making dating straightforward. At these depths, the
depth scale is almost linearly proportional to time. Thus, we feel
confident in interpreting the ice isotopic record at NGRIP as the first
Northern Hemisphere ice core record of a highly detailed, undis-
turbed climate record of the late Eemian and the inception of the
last glacial period.

Climate record of the late Eemian period

We first examine the implications arising from the relatively high
(warm) and stable Eemian ice isotopic values found in the bottom
85 m of the ice core. As noted above, the annual layers are unusually
thick, 1.0 to 1.6 cm, through this period of glacial interception and
the latter part of the Eemian period, allowing a very detailed look at
this key climatic period. The maximum isotopic value of —32%o
found for the Eemian in the NGRIP core corresponds to the highest
values found in the GRIP and GISP2 ice cores. Although these other
cores have disturbed chronologies for ice older than 105 kyr Bp, they
do contain Eemian age ice'™'®, and the maximum isotopic values
can be assumed to represent the warmest Eemian climate®. Because
both the present interglacial isotopic values (—35%0) and the
Eemian values are similar in the GRIP, GISP2, and NGRIP ice, we
infer that the ice from the bottom of the NGRIP core has sampled
the warmest part of Eemian climate. This maximum isotopic value
is 3%o higher than the present value, and if attributed solely to
temperature, implies at least a 5K warmer temperature in the
Eemian than at present***. It is notable that the 3%o isotopic
value difference between the present and the Eemian period seen at
NGRIP, GRIP and GISP2 is also found in northern Greenland ice
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Figure 2 The NGRIP stable oxygen isotopic record compared to the GRIP record. a, The
GRIP oxygen isotopic profile (blue) with respact to depth at GRIP. Isotopic values (5 '20) are
expressed in %o with respect to Vienna Standard Mean Ocean Water (V-SMOW). The
measurements have been performed on 55 cm samples with an accuracy of +0.1%.
b, The NGRIP oxygen isotopic profile (red) with respect to depth at NGRIP. For comparison,

the GRIP record (blue) has been plotted on the NGRIP depth scale using the rapid
transitions as tie points. ¢, The difference between the NGRIP and GRIP oxygen isotopic
profiles plotted above on the GRIP2001/3s09sea timescale in 50 yr resolution (black).
The record is compared 1o a record representing sea level changes® (green) and a 10-kyr
smoocthed oxygen isotope profile from NGRIP {red).
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cores nearer the coast, such as Camp Century (77.2 °N, 61.1 °W) in
the west'®, and Renland (71.3 °N, 26.7 °W) in the east!®. We
conclude that the relative elevation differences during the Eemian
in northern Greenland are thus not large, and further, as the
Renland ice cap only is 325m thick and cannot change elevation
by more than 100 m, the absolute elevation changes between the
Eemian and the present can only be of the order of 100 m. In
contrast, the Dye3 ice core in south Greenland (65.2 °N, 43.8 W)
has an isotope difference of 5%o (ref. 15), suggesting as much as
500 m lower elevation there. The Eemian isotopic values reported
here paint a picture of an Eemian ice sheet with northern and central
ice thicknesses similar to the present, while the south Greenland ice
thickness is substantially reduced. This provides a valuable con-
straint for both future glaciological models of the Greenland
Eemian ice sheet as well as models of sea level changes®»*¢,

Climate record of the glacial inception

This high resolution NGRIP record reveals a slow decline in
temperatures from the warm Eemian isotopic values to cooler,
intermediate values over 7,000 yr from 122 to 115 kyr BP. The end of
the last interglacial thus does not appear to have started with an
abrupt climate change, but with a long and gradual deterioration of
climate. Before full glacial values are reached, however, the record
does reveal an abrupt cooling, with a first 3'%0 decrease at about
119 kyr B3, followed by relatively stable depleted 820 levels, which
we name here the Greenland stadial 26. The stadial is followed by an
abrupt increase at ~115 kyr Bp, the onset of DO 25 (Fig. 4). NGRIP
is the firstice core climate record to so clearly resolve these rapid and
large fluctuations in climate right at the beginning of the full glacial
period. It is remarkable how well the features of the record compare
with the marine planktonic isotope record from the margin of the
Iberian coast, a proxy for the sea surface temperatures here. The
features are thus believed to be large-scale features typical of the
North Atlantic region®. It is significant that DO 25, while weak

(with an amplitude 25% of the following DO events), was similar in
character to the following DO events, although it occurred at the
time when the ice caps were first building up. Thus it seems difficult
to call on melting ice or other large freshwater input to the North
Atlantic to trigger this event, although clearly we need more
information from this and future ice cores to fully understand
this first abrupt climate change of the last glacial.

Regional climate differences in Greenland

We now focus on a detailed comparison of the NGRIP §'%0 ice
profile with the GRIP ice isotopic record over their common part.
Despite being only 325km apart, these records have significant
differences that illustrate the importance of regional variations in
Greenland climate, even on quite long timescales. Figure 2b shows
the NGRIP ice isotope profile. The GRIP record shown in Fig. 2a is
plotted on the NGRIP depth scale using the DO events as references,
so the two records can be compared. At first glance, the two records
are very similar as expected, given the relative proximity of the cores.
But closer inspection shows substantial differences between the
records. Whereas NGRIP and GRIP have very similar 820 levels
during the Holocene, glacial isotopic levels in the NGRIP record are
systematically depleted by 1%o to 2%o. The difference between
these isotopic profiles (Fig. 2c) reaches maxima at about 15—
20 kyrsp, 25-30 kyrsp and 60-70 kyrsr. The magnitude of the
difference appears to be related to the Northern Hemisphere climate
curve, as represented by a smoothed version of the NGRIP record,
such that colder conditions have larger differences (Fig. 2c). The
difference curve also compares relatively well to the global sea level
curve”, implying that the extent of the glacial continental ice sheets
may help to explain the difference.

The difference curve only weakly traces the DO events, suggesting
that the differences are not very well connected to processes
operating on millennial timescales. A preliminary reconstruction
of past temperatures based on the measured borehole temperatures
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Figure 3 Comparison of ice core records from NGRIP and Vostok for NGRIP depths 2,830
1o 3,085 m. The isotopic compositien, &0, of the ice (blue) and of methane in the air
(green) for Vostok are on the top, and the isotopic composition, & '80, of the ice (red),
methane (green) and &' 5N (black) of the air for NGRIP are on the battom, A 50-kyr
resolution NGRIP record is available as Supplementary Information. The detailed Vostok
methane profile combines published data and recent measurements performed to

examine the 5d/5c transition at Vostok™*. The Vostok and NGRIP data are reported on their
own scales, namely the GT4 timescale for Viostok (top axis) and the depth scale for NGRIP
(battom axis). These two independent scales have been simply shifted in order to match
the sharp methane shift in Vostok with the sharp NGRIP warming at 2,940 m.,
Furthermore, matching of the two scales should result in the estimated mean 1.1cm
annual layer thickness for the NGRIP profile,
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at NGRIP supports this finding. Temperatures reconstructed at
NGRIP during the Last Glacial Maximum are several degrees colder
than those at GRIP and GISP2. The observed isotopic differences are
large, given the relatively small distance between the two sites, and
our finding that the two sites are believed to have only undergone

small relative elevation changes during the glacial period™1°,
smail reiative elevation cnanges aurning ithe glaca: period

Whereas the isotopic records in the central parts of East Antarctica®
are rather similar and thus do not reveal large and significant
climatically driven differences, the Greenland sites, located just
325km apart, reveal major differences. Now that we are beginning
to have a spatial distribution of deep ice core records, this brings
into play a new source of palaeoclimatic information for these deep
ice cores, that is, changes in geographical gradients with time. Our
best theory is to postulate that the air masses reaching the two sites
during the glacial had different sources. In response to the extent of
the Laurentide ice sheet, sea ice and the extensive North Atlantic ice
shelves, NGRIP has become further from the ocean, and may have
seen a higher fraction of air coming over the northern side of the
Laurentide ice sheet, bringing with it colder and more isotopically
depleted moisture than GRIP might have seen*>*'. Taken as a whole,
the findings here suggest that the atmospheric water cycle over
Greenland is substantially different between modern and glacial
worlds.

Basal water under the ice

When drilling was completed at NGRIP, basal water flooded the
deepest 45 m of the bore hole. Although we knew from temperature
profiles taken in 2001-02 that the base of the ice sheet was at or very
near the pressure melting point, liquid water was not seen in radar
profiles done during site selection. The melt rate at the base at
NGRIP is 7mm iceyr™ !, so the geothermal heat flow appears to be
as high as 140mWm™ > (70mWm > from latent heat, and
70mWm~? conducted though the ice based on the measured
bore temperature). This high geothermal heat flow value is atypical
for Precambrian shields* believed to cover most of Greenland. The
recent indications of bacterial life in and under Antarctic ice® have
revealed that the Earth possibly contains a previously unrecognized
cold biosphere that would be actively involved in biogeochemical

10 .
processes. Thus Gr cculduu, like nutdu.u(.d, is now known to have
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Figure 4 The NGRIP isotopic profile from the Supplementary Information (a) compared
with the planktonic isotopes in the [berian margin sediment core MD95-2024% (b). The
Greenland Dansgaard-Oeschger events (interstadials) are numbered along with the
associated stadials, The two age scales are independent and seem to match within a few
kyr.

liquid water at its base in some locations, water that awaits further
study for basal sediment composition and evidence of life in a truly
extreme environment.

Implications for future palaeoclimatic studies

The first measurements available on the NGRIP core already
provide a wealth of new and promising environmental information.
Most importantly, the NGRIP core contains the first continuous
record of the late Eemian and the interception of the last glacial
period to be recorded in a deep Greenland ice core. The palaeo-
climatic signal for Greenland now reaches 123,000 yr back in time,
and reveals a stable and warm late Eemian period. The end of the
Eemian is a slow decline to glacial, cooler, intermediate conditions,
but the onset of abrupt climate changes, the DO events that mark
the last glacial period, precedes full glacial conditions. The bottom
ice at NGRIP is essentially undisturbed and annual ice layers are
quite thick, a situation caused by basal melting which in turn results
from an unexpectedly high geothermal heat flow in North Green-
land. The additional knowledge that the central and northern ice
sheet during the Eemian period was at the same elevation as present
constrains modelled ice volumes and sea level changes during the
Eemian and glacial period. This interpretation is only consistent
with modelling studies of the ice sheet during the Eemian that,
although predicting an overall smaller ice sheet in accord with
higher observed sea levels during this time™**>*~ allow for no
large ice elevation change for the central Greenland ice. The next
generation of models of the Greenland ice sheets should also include

substantial melt under the northern part of the ice sheet as well as
supstantiar mert undGer tne nortnern part oI Ine iCe sneet as wewn as

the northeast ice stream, important for the mass balance of the ice
sheet"*°.

The deepest ice should allow a detailed study of the last glacial
inception, including greenhouse gases and atmospheric dust load-
ing, and in future comparisons with Antarctic records we should be
able to investigate in detail the sequence of climatic events and
forcing between north and south during this key climatic period. We
find that the 5d/5¢ Vostok time period is the counterpart of the
Northern Hemisphere stadial 25 that ends with the abrupt onset of
DO 24 at the NGRIP depth 2,940 m. The north—south teleconnec-
tion observed here is similar in behaviour to all the following events
(DO events 1-23), and behaves as predicted by the simple thermo-
dynamic see-saw model®. In contrast, the weak stadial 26 followed
by the abrupt onset of DO 25 is not opposed by an Antarctic
reversal. This could be due to dating uncertainties between the two
cores, but it could also be information on the timing of the onset of
the teleconnection during the building of the ice caps and the
cooling of the climate. When did the north-south climate see-saw
begin? Is there information waiting to be found that can tell us how
glacial periods begin, and whether we are in danger of entering one
in the near future? New and detailed measurements from the EPICA
Antarctica ice cores are expected to clarify this observation. And
finally, is there life at the base of the Greenland ice sheet? These are
some of the many questions that await further study of the new
NGRIP ice core. O
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Chapter 8: Long term trends in the NorthGRIP records of mineral dust and sea salt

8: Long term trends in the NorthGRIP records of
mineral dust and sea salt

This chapter is based on a poster: “The North-GRIP record of sea-salt and mineral
dust aerosols revealing new insight into long-range atmospheric transport properties
during the last glacial period” presented at the Euresco conference in Polar regions
and Quaternary climate, San Feliu de Guixols, Spain , 4-9 October 2003, by: 'Marie-
Louise Siggaard-Andersen, 'Urs Ruth, ' Hubertus Fischer, *Sigfus Johnsen, *Margareta
Hansson, “Joergen Peder Steffensen, *Matthias Bigler, *Regine Rothlisberger, “Kumiko
Goto-Azuma, and "Heinrich Miller

'Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany, Niels Bohr Institute
for Astronomy, Physics and Geophysics (NBIfAFG), Copenhagen, Denmark, *Department of Physical
Geography and Quaternary Geology, Stockholm University, Sweden, “Department of Climate and
Geophysics, Institute of Physics, University of Bern, Switzerland, "NCCR-Climate University of Bern,
Switzerland, ®National Institute of Polar Research, Tokyo, JAPAN

Abstract: The NorthGRIP ice core provides continuous records of sea salt and mineral
dust aerosols from the last glacial period. A large number of soluble ions were analysed
by ion chromatography and have opened up for new possibilities looking into details in
the relationship between ion composition and climate conditions.

Changes in ion composition seem to be related to changes in particle size distribution as
an effect of fractionation during long-range atmospheric transport.

Analysis of ion composition in the NorthGRIP ice core suggests that long-range
atmospheric transport patterns were constant through most of the last glacial period and
remained nearly unchanged during the Dansgaard/Oeschger (D/O) events.

However, in sections of the early part of the last glacial period, our analysis shows a
markedly different pattern of ion composition. These differences are associated with
differences in particle size distributions and suggest major differences in long-range
atmospheric transport patterns during the early part of the last glacial period.
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8.1 Background

The NorthGRIP ion record: Samples from the NorthGRIP ice core were collected
continuously in 55 cm resolution from decontaminated ice core melt-water obtained
from the Bern continuous flow analysis system. The ion species used in this analysis are
Li", Na', K, Mg*", Ca*", F, CI', and SO4* that are mainly derived from sea salt and
mineral dust aerosols.

In figure 8.3.A is shown the NorthGRIP §'*0 record (from NorthGRIP members, 2004).
The record of soluble Ca®" concentrations is shown in Figure 8.3.B.

Transport model: Concentrations of soluble ions from sea salt and mineral dust
aerosols in central Greenland ice cores are strongly related to each other and follow very
closely a power-law. To explain this relationship we apply a simple transport model to
the ion concentrations, where ice core concentrations, C'*°, are expressed in terms of
transport efficiency, p, and sensitivity, A:

C*(t) = C* -exp(—1- p).

In a very simple approach, p is given by the inverse wind speed (1/v) and 4 is given by
transport path length divided by aerosol lifetime: 4 = L/r. In a more general approach,
C*" represents a regional term for source contribution, dependent both on source
strength and on large scale transport patterns.

The transport model implies that ion concentrations, C4 and Cp, of two different ion
species are related to each other by a power law where the power is given by the ratio
a = Aa/ g between the sensitivities for the two species, i.e.

C,=K-C)f°
=InC,=hK+alnC,

We have illustrated the linear relationship between logarithmic concentrations of ions in
Figure 8.2.C by matching together the curves of logarithmic concentrations from Li",
Ca®’, and Na', which are mainly derived respectively from clay minerals, carbonates,
and sea salt aerosols. During Marine Isotope Stage 3 (MIS-3) the curves are perfectly
matching.

The simple power law relationship between ion concentrations for both stadials and
interstadials during this time period suggests that the large-scale transport patterns are
nearly unchanged during the Dansgaard/Oeschger (D/O) events.

Method: The covariance resulting from the linear relationship of logarithmic ion
concentrations is represented by the principal component series E(f) of an Empirical
Orthogonal Function analysis (EOF). The logarithmic ion concentrations InC; are
proportional to E;(?), i.e.:

lIlCl' = an(lIlCl') + /11' 'E](f).

For E () normalized, the sensitivity 4; indicate the standard deviation of logarithmic ion
concentrations. Sensitivities for ion concentrations from a section within MIS-3,
obtained from an EOF analysis, are shown in Table 8.1. We explain the smaller
sensitivity for clay minerals (Li") than for carbonates (Ca®") as an effect of particle size
fractionation during transport, and we explain the smaller sensitivity for sea salt
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aerosols (Na" and CI') than for mineral dust aerosols as an effect of a shorter transport
distance for sea salt than for dust.

%var o=AMca
Li 73 0.6 +0.1
Na® 93 0.54 +0.03
K* 59 0.6 +0.2
Mg** 96 0.71 +0.03
Ca*" 95 1 +0.03
F 74 0.7 +0.2
CI 92 0.50 +0.05
SO~ 92 0.78 +0.03

Table 8.1: Relative sensitivities for ion species during MIS-3 obtained from an EOF
analysis.

8.2 Long term trends in the NorthGRIP ice core

In the NorthGRIP ice core record we have observed two different long term features.
One feature in associated with the transition between MIS-5 and MIS-4 (70 — 75 ka BP)
and could be linked to the major decrease in sea level and simultaneous increase of the
Laurentide ice sheet that took place at that time (Siddall et al., 2003). The second
feature is observed only within MIS-5 as alternations between two different
characteristic patterns. These alternations take place on a different time scale than the
D/O events.

Long term trends in ion composition: The curves representing logarithmic ion
concentrations for Li", Na*, and Ca®" are mutually matching during MIS-3, but show
different long term trends during MIS-4 and MIS-5 (see Figure 8.3.C). We consider
these long term trends as mainly an effect of changing source strength due to changing
emission and uplift in the source regions.

The record of Li” seems to have no trend while concentrations of Na” and Ca®" are
increasing by 35% during the transition between MIS-5 and MIS-4. In Figure 8.2.D we
have reconstructed the increases in source contribution. Our reconstruction shows that
the increases take place gradually over a relatively long time and occurs earlier for Ca*"
than for Na'.

After subtracting trends from the Na™ and Ca®" records we can match the two curves
together (see Figure 8.2.E) except for some time sections during MIS-5 that are
indicated on the figure with grey bars. The matching on logarithmic scales indicate a
power law relationship between ion concentrations and suggests that large scale
transport patterns for sea salt and mineral dust aerosols were constant throughout most
of the last glacial period. These patterns we refer to in the following as mode I.

In the sections marked with grey bars the relationship between concentrations of Na"
and Ca’" is markedly different from relationship in the rest of the records. We believe
that these different patterns represent different large scale patterns for atmospheric long-
range transport. In the following we refer to the patterns in the sections marked in grey
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as mode II.

Identifying two modes of chemical composition: Ion concentrations from the sections
marked in the figure with grey bars and ion concentrations from the rest of the record
were analysed separately. In these analyses only the major ions Ca*", SO4*, Mg*", Na",
and CI" were considered. The two analyses showed a markedly different relationship
between mineral dust and sea salt. The analyses are described in more detail in the
Appendix (Section 8.6).

The ion composition in the marked sections (mode II) can be characterized by a
relatively higher sensitivity for Na~ and CI" which could be an effect of weaker
conditions for transport of sea salt aerosols during the corresponding time periods.

The two different modes of ion composition are illustrated in Figure 8.1 showing
changes in logarithmic ion concentrations relative to changes in log[Ca].

@== Alog[Mg*+] @== Alog[SO, 1]
Alog[Na] ®e Alog[CI]

Mode II

Alog[Ca~]

Alog[Ca~]

Figure 8.1: The two different modes of ion composition observed in the NorthGRIP ice
core. The dust species (Ca’*, Mg’", and SO;”) show nearly the same relationship in the
two modes, but the sea salt (Na" and CI') and dust species show a markedly different
relationship in the two modes.

Dust particle characteristics: Ruth et al. (2003) observed a systematic relationship
between particle sizes and climate in the NorthGRIP record of insoluble particles with
larger particles during stadials than during interstadials. They explained the changes in
particle sizes as an effect of enhanced wind transport during cold periods.

On longer terms, particle sizes changes around the transition between MIS-5 and MIS-4
(see Figure 8.2.F). This shift in particle sizes occurs simultaneously with the increasing
trend seen in the Ca>" curve. Therefore we consider this change in particle sizes as an
effect of changed source characteristics associated with enhanced source load. This
could be the case if the enhanced source load was resulting from an extension of the
source areas.

In the time sections marked on Figure 8.2 with grey bars (mode I), we find significantly
smaller particles in line with larger variation in particle size than in the rest of the record
(mode II). Small particles would be a consequence of poor conditions for long-range
wind transport e.g. long transport distance or weak transport winds.

The GRIP deuterium records: A comparison of the GRIP records of deuterium (8D)
and excess deuterium (d) from Jouzel et al. (in preparation) with our observations on the
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NorthGRIP records of mineral dust and sea salt aerosols strongly supports the idea of
different large-scale transport patterns in time sections of MIS-5.

Excess deuterium is believed to reflect surface temperature and humidity in the moisture
source area and thereby indicate latitude for the moisture source. In Figure 8.2.G we
matched the two records of 8D and d, where 8D is reversed for comparison. During
MIS-3 and MIS-4 the two curves show strong similarities indicating that the moisture
source is located at more southern latitudes during cold periods than during warm
periods due to the shifting polar front. During the periods of mode II the relationship
between the two curves is different, suggesting a different moisture source during these
periods.

The comparison of the records of aerosols and water isotopes indicates that conditions
for transport of aerosols and moisture are strongly coupled.
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Figure 8.2: Long term trends in the NorthGRIP ice core record (see text).
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8.3 Discussion

Investigations of the mineral dust in Greenland ice cores have shown that Chinese
desert areas are the most likely source areas both for present (Bory et al., 2003) and for
the last glacial period (Biscaye et al., 1997; Svensson et al., 2000).

The increase in Ca®" concentrations between MIS-5 and MIS-4 in the NorthGRIP ice
core can be explained by an extension of dust source areas.

At present dust deposition in Greenland is associated with dust storms generated mainly
in the Taklamakan desert located in Western China (Bory et al., 2003). During the last
glacial period Chinese deserts covered a larger area than today (Sun et al., 1998) and
conditions for generation of dust storms were better (Ono and Irino, 2004). Dust from
desert areas located e.g. in Inner Mongolia could have contributed to dust deposited in
Greenland during the last glacial period.

Large-scale transport patterns in the northern hemisphere are associated with the
patterns of the jet stream. At present dust aerosol from Asian desert areas and possibly
sea salt from the North Pacific is long-range transported by the westerlies over North
America. The high variability of the jet stream patterns in the North Atlantic region
result in transport of aerosol to Greenland from lower latitudes (see Chapter 2.4).

The increase in Na' concentrations during the transition between MIS-5 and MIS-4
would be resulting from a larger emission of sea salt aerosol over the North Pacific
during this time.

A Resent simulation of the Last Glacial Maximum (LGM) jet stream pattern using a
mesoscale model with GCM output as boundary conditions showed a strong seasonality
in the jet stream patterns during LGM (Bromwich et al., 2004). This simulation suggests
a split jet stream configuration during winter, with a strong branch north of the
Laurentide ice sheet as a consequence of a strong anti-cyclone located over the ice
sheet. The simulated summer configuration shows a single branch south of the
Laurentide ice sheet that had shifted northwards compared to the southern winter
branch.

A winter jet stream configuration as simulated by Bromwich et al. (2004) could have
transported dust and sea salt from Asian and North Pacific source regions north of the
Laurentide ice sheet.

During MIS-5, the Laurentide ice sheet had not reached its full size, and therefore
probably had less influence on the jet stream pattern, which therefore was more likely to
be following a path south of the Laurentide ice sheet. The two modes that we have
observed in the NorthGRIP record can be explained by a northern and a southern
transport path respectively. These two configurations are illustrated in the Figure 8.3.
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Mode | Mode 11

Wipter - A8

Figure 8.3: Large scale transport patterns for dust and sea salt suggested for the two
modes I and Il observed in the NorthGRIP ice core record. Mode I is based on resent
simulations of Bromwich et al. (2004).

The records of particle size distributions shows generally smaller particle sizes for mode
II suggesting a longer transport path length for the dust during these periods than during
periods of mode I. This support the idea of a transport path north of the Laurentide ice
sheet for mode I and south of the Laurentide ice sheet for mode II.

Deuterium excess shows different patterns for the two modes suggesting that the two
modes are associated with different moisture source regions. In mode I a northern
winter branch of the jet stream could be associated with transport of moisture from the
North Pacific to Greenland during winter and from the North Atlantic during summer.
In mode II the moisture source area would be located in the North Atlantic both during
winter and during summer.

The changes in ice sheet volume, and corresponding sea level, are reflected in deep sea
sediment records of benthic foraminifera. In Figure 8.4 is shown a record of
reconstructed mean ocean water 8O (from Waelbroeck et al., 2002) indicating sea
level changes. The periods of mode II are characterized by relatively high sea levels,
which suggest that the Laurentide ice sheet has been relatively small during these
periods.

Heinrich events during MIS-4,-3 and -2, have resulted in abrupt decreases in the size of
the Laurentide ice sheet, and a corresponding increase in sea level. During MIS-5, there
have been no large Heinrich events, but possible smaller events of ice berg discharge
during this period could have resulted in a significant change in the size of the
Laurentide ice sheet around a certain threshold leading to a major reorganization of
atmospheric circulation patterns.
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Figure 8.4: Changing sea level represented by a reconstructed deep sea record of
benthic foraminifera (difference from present) from Waelbroeck et al. (2002).

8.4 Conclusions

A detailed investigation of the NorthGRIP chemical record has identified two different
modes, I and II, in ion composition where mode I is characteristic for most of the glacial
period during MIS-3 and MIS-4. During MIS-5, ion composition alternates between the
two different modes I and II. The two modes can be explained by two different large-
scale atmospheric transport patterns. Mode II is characterized by relatively small dust
particles, suggesting a longer transport path for mode II than for mode I. We can explain
the two different transport patterns by a path north of the Laurentide ice sheet for most
of the last glacial period and a path south of the Laurentide ice sheet for time intervals
during the early part of the last glacial period, where the Laurentide ice sheet had not
reached its full size.
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8.6 Appendix

Sections of different ion composition characteristics were identified in the NorthGRIP
ice core ion record using a running linear regression analysis along the ice core record.
The sections characteristic for mode I was each subtracted by their average before they
were all normalized combined and EOF analysed. The same was done with the sections

characteristic for mode II. The powers a, obtained from these analyses are show in
Table 8.2.

0=A/Aca o=A/Aca
Model Mode?2
Na' 0.52 1.02
Mg** 0.73 0.79
Ca*! 1 1.00
Cl 0.48 1.01
SO~ 0.79 0.87

Table 8.2: Powers that characterize ion composition in the two modes I and Il obtained
from EOF analyses.

In Figure 8.5 is shown the sections used for analysis of mode I and in Figure 8.6 is
shown the intermediate sections. Only the sections of MIS5 (and MIS4) were used in
the analysis of mode II. The sections from MIS3 were used in neither of the two
analyses. Ion characteristics in these sections are different from both of the modes I and
I, but could be associated with a transport pattern similar to mode II. However, these
sections of MIS3 (see Figure 8.6) are not suitable for a statistical analysis since the ion
concentrations only vary little in these sections.
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Figure 8.5: Sections characterized by ion composition of mode 1. The colors in the top
Figure correspond to the dots and linear fits in the bottom Figure. The scale in the top
plot refers to bag numbers (55 cm each).
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Figure 8.6: Sections of different characteristics than mode 1. The sections in MIS5
(violet, blue and dark green colors) are identified as mode II. The sections from MIS3
are very warm interstadials. Their characteristics are different from both mode I and
Mode II.
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9: lon chromatographic method and data validation

9.1 Principle of ion chromatography

lon chromatography is a liquid chromatography method used for identification and
quantitation of soluble ionic species in a mixed solution.

The basic principle in ion chromatography is a liquid flow-line separation of the soluble
ions before quantitation. The separation takes place in a column filled with a porous
material (resin) and is controlled by the pH value of the eluding liquid that is constantly
pumped through the system. The separation is an effect of different affinities for
chemical binding to the column material that cause the sample species to move through
the column with different speeds. An injection valve controls the instantaneous injection
of the sample. The retention time, which is the time between the injection and peak
detection, is used to identify various ionic species. A scheme of the principle of an ion
chromatograph is shown in Figure 9.1:

Chromatogram

Reaponse —w

Detector l\

Injection valve

Figure 9.1: Schematic illustration of the principle of an ion chromatograph.

lon chromatography is often used for routine measurements of a large number of
samples where the injection valve is connected to an auto-sampler that successively
loads samples into the sample-loop.

While the injection valve is “off”, the sample loop is disconnected from the eluent flow
and sample can be loaded into the sample loop. When the injection valve is “on” (in
inject mode) the eluent flows through the sample loop injecting the sample into the
system.

9.2 Setup

Data presented in this work are measured at Department of Geophysics, Niels Bohr
Institute for Physics, Astronomy, and Geophysics. In the following a detailed
description of setup and procedures in this laboratory is given.
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The ion chromatograph used is a Dionex 500 IC with a special two channel setup for
simultaneous measurements of anions and cations, where portions from each sample are
injected from a single sample-vial into the two channels. The injection is controlled by
timings of the auto-sampler, a system-switch and the two injection-valves. The valve
system for this setup is scheduled in Figure 9.2:

Eluent

Anion system

Cation system

Column

System
valve

Figure 9.2: Valve system successively injecting sample portions into two channels for
simultaneous measurement of anions and cations.

The valves are pneumatically operated with compressed nitrogen. The system-switch
and the anion injection valve are connected to the same nitrogen pressure-line and
therefore they shift simultaneously.

In an initial state all three valves are in “off”-position and sample has been loaded into
both sample loops. At the time of sample-injection all three valves are simultaneously
switched “on”. In this mode the system-switch is open toward the cation system.
Subsequently, when the sample is flushed out of the sample loops, the cation injection-
valve is switched off and a portion of the next sample is loaded in to the cation sample-
loop. Then the anion injection valve and the system switch are switched off and another
portion of the sample is loaded into the anion sample-loop. The valve system is now
again in the initial state - ready to inject the next sample. This will happen when the
measurement of the first sample has ended.

In this setup, concern has been taken to avoid system cross-talk and sample-to-sample
cross-talk. Firstly the tubing system is secured against siphon effects and secondly the
tubing from the auto-sampler to the sample loop is rinsed with the first 1.5 ml of the
sample volume while both systems are still in injecting mode.

To improve the detection limit, pre-concentration columns were installed in the sample-
loops, whereby a larger volume from each sample could be injected within the same
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time. Pre-concentration columns capture ions in the sample environment. When the
eluent later is flushed through the columns in the opposite direction the ions are released
from the columns and injected into the system. Use of pre-concentrator columns has
another advantage of minimizing effects from the sample matrix on the first peak in the
chromatograms.

The amounts of ions were determined using conductivity detectors. Suppressors
eliminating the contribution to conductivity from the eluent solution were installed in
the flow-line immediately before the detectors. The suppressors were installed in self-
regenerating recycle mode where the detectors out-flow is connected to the suppressor
as the regenerant. For high eluent flow-rates this configuration shows high stability of
the detected base-line.

The highest stability of the flow-system and the detection base-line was obtained by the
high flow rates of 0.6 ml-min™ and 0.5 mI-min™ respectively for the anion and the cation
systems.

Eluent solutions: Eluent solutions were made manually using chemicals of highest
purity and super quality (SQ) water, obtained using an Elgastat Ultra High Purity unit
from Elga.

For the cation system was used Methane Sulfonic Acid, puriss, from FLUKA, and for
the anion system was used Sodium Tetraborate, suprapur, from Merck. The eluent
solutions were flushed with pure helium gas in order to remove CO; from the liquids.

Standard solutions: A stock standard solution was made from salts of highest purity
and stored in a refrigerator. Before use is was diluted 1:1000, to obtain concentrations in
the range of the measured samples. The standard solution was tested against a
commercial standard solution (Six Cation-Il Standard and Five Anion Standard from
Dionex). The results from these tests are shown in Tables 9.1 and 9.2. Concentrations
for all ions in the external standard except ammonium were determined within an
accuracy of 3 %.

Cations Standard Diluted 1/10,000 Measured Diff%
(mg-L™) (uequiv-kg™)

Lithium 53.3 0.768 0.75 -2
Sodium 201 0.874 0.86 -2
Ammonium 249 1.38 1.16 -16
Potassium 507 1.3 1.26 -3
Magnesia 269 2.21 2.22 0
Calcium 534 2.67 2.60 -2

Table 9.1: Test of the standard solution against a commercial cation standard, Six
Cation-1lI Standard from Dionex. The commercial standard was diluted 1:10000 to
obtain concentrations comparable to the standard solution used for calibrations.

139



Chapter 9: IC method and data validation

Anions Standard Dilution 1/1000 Measured Diff%
(mg-L™) (1equivkg™)

Fluoride 19.4 1.02 1.01 -1

Chloride 29.3 0.87 0.85 -3

Nitrate 98 1.58 1.63 3

Phosphate 147 1.86

Sulphate 155 3.22 3.17 -1

Table 9.2: Test of a commercial anion standard, Five Anion Standard from Dionex.
The commercial standard was diluted 1:1000 to obtain concentrations comparable to
the standard solution.

9.3 IC-method

Cations: Generally cations are eluded iso-cratic i.e. with a constant strength of the
eluent solution. However in the IC-method used here cations were gradient-eluded. Low
eluent strengths in the beginning of the measurement helped a better separation of
ammonium and potassium. Cations were separated on lonpac CS12 columns, and
gradient eluded with 20mM Methane Sulfonic Acid (MSA) beginning with 45 % eluent
and 55 % SQ water and ending with 80 % eluent and 20 % SQ water (see Figure 9.4).
Peak broadening from diffusion can be seen in the chromatograms. Therefore peak-area
was used for quantitations for run with a high variability in concentrations.

For cations there is almost no effect from the sample matrix. This is essential for
detection of lithium which is present in ice core samples in amounts just beyond the
detection limit.

Anions: Fluoride is very rapidly eluded out of the column and therefore sensitive to the
water-dip, which is caused by the sample matrix. A good separation from the water-dip
can be obtained using an eluent with low ion strength. Sulphate on the other hand is
only eluded out of the column using an eluent with high ion strength. For simultaneous
measurement of fluoride and sulphate it is therefore necessary to elude the anions with
gradually increasing ion strength. Anions were separated on lonpac AS14 columns with
35mM Na;B40; beginning with 12 % eluent and 88 % super quality water and ending
with 100 % eluent (see Figure 9.4). With this IC method and use of pre-concentrator
column the water-dip from the sample matrix has no effect on the fluoride peak.
However the response from MSA (Methane Sulfonic Acid) is very low and the peak is
not well separated from chloride. Use of lonpac AS14 columns is therefore not optimal
for measuring MSA.

The lonpac AS14 column separates anions so well so that no peak broadening from
diffusion is seen in the chromatograms. Therefore peak-height, which is more
reproducible than peak-area, was used for quantitations. A better separation of nitrogen
and hydrogen carbonate could be obtained by installation of an anion trap column to the
eluent pump outlet.
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Figure 9.3: Cation-chromatogram representing cations in the standard solution.
Cations were gradient eluded with 20 mM MSA beginning with 45 % eluent and 55 %
SQ water and ending with 80 % eluent and 20 % SQ water
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Figure 9.4: Anion-chromatogram representing the anions in the standard solution.
Anions were gradient-eluded with 35 mM Na,B4O; beginning with 12 % eluent and
88 % SQ water and ending with 100 % eluent.
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Procedures: During the normal procedure, samples were measured continuously over
several days, refilling the auto-sampler with new samples every day. The samples were
melted in the Coulter Accuvettes used for the frozen sample storage. In a clean air
laminar flow bench they were decanted into 5 ml sample vials and placed in the auto
sampler. For every 22 samples two standards and two blanks were inserted. One
standard measurement was used for calibration of the whole run. Typically standard no.
3 was chosen. For quantitation a linear response was assumed. If different types of
samples were measured in one run, or if the ion chromatograph had to be restarted
within a run, the run was divided into sub-series that were processed separately.

9.4 Data validation

Accuracy: Based on linearity tests, ranges for accurate quantitation was determined.
These ranges are only guide lines since linearity have only been checked using a few
different dilutions of the standard solution. The results are listed in Table 9.3, where the
first column shows the lowest limit of quantitation (L.O.Q) (detection limit), and the
next two columns show lower and upper limits (L.L and U.L) of the ranges within
which accuracies better than 10 % are obtained. Some upper limits for accuracies better
than 15 % are listed in the last column. For low concentrations accuracy is limited by: a
short durability of the diluted standard (nitrate), a curving trend in the calibration (MSA,
magnesium), effects of contaminants in standards (ammonium, sodium, and potassium),
and high variation in response (chloride, sulphate, calcium). For high concentrations
accuracy is mainly limited by curving trends in the calibrations. The test curves are
shown at the end of this chapter.

L.0.Q L.L 10 % acc U.L. 10 % acc U.L. 15 % acc
Lithium 0.0002 0.0002 0.8
Sodium 0.01 0.1 >7
Potassium 0.02 0.2 >15
Magnesium 0.04 0.1 8 16
Calcium 0.04 0.1 >33
Fluoride 0.02 0.04 5
MSA 0.006 0.03 0.3 0.6
Chloride 0.05 0.1 20 40
Nitrate 0.1 0.4 -
Sulphate 0.02 0.2 7 15

Table 9.3: Limit of quantitation (L.O.Q), lower and upper limit for better than 10 %
accuracy, and upper limit for better than 15 % accuracy.

Routine performance: Detection limits and reproducibility are dependent on day-to-
day performance of the ion chromatograph. Here performances during two different
runs, 00-08-14 and 00-11-20, are shown.

In Tables 9.4 and 9.5 are listed for the two runs the concentrations of the standard
solution, average measured concentrations of standards, difference between the two in
%, standard deviations, and standard deviations in % of concentrations. Below that is
listed average blank concentrations for all blanks and for second blanks, and there
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concentrations in % of standard concentration. Blank values are affected by sample to
sample cross-talk. Second blank values are therefore lower than average blank values.
Heights and areas of a noise generated peak are evaluated. In practice detection limits
are determined by the area-reject limit set in the integration program. In the
chromatograms one height unit corresponds to 10 pS.

Ammonium show high blank values. This is due to a contribution from the air in the
laboratory while the samples are placed in the auto-sampler. For potassium, fluoride,
and MSA, however, data are above the limit of quantitation but low concentrations are
not within the range of better than 10 % accuracy.

Run 00-08-11: Run 00-08-14 was unusually long. 358 samples, 27 standards, and 30
blanks were measured. The samples were all refrozen bag-samples from NorthGRIP
2000. At that time of measurements the nitrate peak was not well separated from the
hydrogen-carbonate peak. Therefore nitrate was not quantified for that run.

For cations the area reject limit was set to 100. A noise-generated peak had a height of
17 and area of 82.

The high standard deviation of standards for sodium and potassium is possibly due to a
contamination of four of the standards during decanting of a standard portion. Blanks
and standards have a higher risk of being contaminated than samples since they are
subject to handlings outside the laminar flow bench. It is not suitable, however, to do
these handlings in the laminar flow together with the samples.

Lithium Sodium Ammonium Potassium Magnesium Calcium
Standards | Conc 0.206 0.886 2.045 1.852 4.221 4131
(Heq-kg™)
N=27 Avg 0.206 0.923 2.299 1.938 4.197 4.143
Diff.(%) 0 4 12 5 -1 0
Std 0.007 0.074 0.172 0.111 0.089 0.193
Std (%) 4 8 7 6 2 5
Blanks Avg 0.0001 0.009 0.38 0.02 0.06 0.10
N=30 % of 0.0 1.0 16.7 1.0 1.4 2.4
standard
2. blanks Avg 0.0000 0.01 0.37 0.01 0.02 0.05
N=14 % of 0.0 0.8 16.0 0.7 0.5 1.3
standard
Samples Avg 0.0022 1.81 0.78 0.15 1.81 9.50
N=359 Std 0.0013 0.98 0.53 0.12 1.25 7.98
Min 0.0003 0.42 0.03 0.02 0.34 1.06
Max 0.0093 412 3.29 1.44 4.36 30.94
Detect. 0.0001 0.0001 0.0002 0.0001 0.0001 0.0001
limit

Table 9.4a: Statistical parameters for cations in run 00-08-14.
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For anions the area reject limit was set to 500. A noise-generated peak had a height of
64 and area of 262. For sulphate some extreme sample values are higher than the range

of better than 10 % accuracy.
Fluoride M.S.A. Chloride  Nitrate Sulphate

Standards Conc 2.251 0.302 5.017 1.852
(neg-kg™)

N=27 Avg 2.268 0.321 5.056 1.840
Diff.(%) 1 6 1 -1
Std 0.03 0.02 0.10 0.03
Std (%) 1 7 2 2

Blanks Avg 0.011 0.003 0.009 0.00

N=30 % of 0.5 0.9 0.2 0.0
standard

Second blanks Avg 0.008 0.002 0.003 0.00

N=14 % of 0.3 0.7 0.1 0.0
standard

Samples Avg 0.054 0.035 2.02 4.18

N=359 Std 0.1276 0.014 1.03 3.06
Min 0.008 0.002 0.53 0.71
Max 2.383 0.075 4.28 19.42

Detect 0.001 0.001 0.001 0.001

limit

Table 9.4b: Statistical parameters for anions in run 00-08-14.

In Figure 9.5 is shown sulphate and magnesium standard measurements for the run 00-
08-14. For anions standard no. 3 was chosen whereas standard no. 24 was chosen for
cations. The variation from standard to standard is of the same magnitude as the

variation of the whole run of standards.
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Figure 9.5: Standard measurements of sulphate and magnesium for run 00-08-14.
Standard no. 3 was chosen for calibration of anions and standard no. 24 was chosen for
calibration of cations. On the left side in shown measured concentrations. On the right
hand side is shown deviations in % from the chosen standard.
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Run 00-11-20: In the 00-11-20 run 49 refrozen samples from NorthGRIP-2000
(samples-1) and 64 refrozen samples from DomeC (samples-I1) were measured.

For cations the area reject limit was chosen to 50 and the base-line variation was much
less than 0.001 pS that corresponds to around 0.0001 peq - kg™.

Lithium Sodium Ammonium Potassium Magnesium Calcium

Standards | Conc 0.206  0.886 2.045 1.852 4221 4131
(Heq-kg™)
N=14 Avg 0.204  0.885 2.109 1.839 4236  4.154
Diff.(%) -1 0 3 -1 0 1
Std 0.01 0.03 0.15 0.10 0.06 0.10
Std (%) 3 4 7 6 1 2
Blanks Avg 0.0001  0.013 0.30 0.02 0.07 0.12
N=14 % 0.0 1.5 14.5 1.3 1.7 2.8
Samples| | Avg 0.0012 0.78 1.58 0.04 0.63 2.55
N=49 Std 0.0006 0.39 0.48 0.02 0.34 1.78
Min 0.0003 0.31 0.00 0.02 0.24 0.61
Max 0.0028 1.71 2.95 0.12 1.56 6.70
Samples Il | Avg 0.0018 3.55 0.10 0.13 1.37 1.89
N=64 Std 0.0006 0.74 0.14 0.04 0.33 0.53
Min 0.0009 1.12 0.00 0.05 0.40 0.50
Max 0.0035 7.16 0.80 0.26 2.54 3.18
Detect. 0.0001 0.0001 0.0001 0.0001 0.0001  0.0001
limit
Table 9.5a: Statistical parameters for cations in run 00-11-20.

For anions a noise generated peak had a height of 33 and area 250. The area reject limit
was set to 500.

Fluoride M.S.A. Chloride Nitrate Sulphate
Standards Conc(peq-kg™) 2.251 0.302 5.017 4.221 1.852
N=14 Avg 2.267 0.309 5.064 4,100 1.869
Diff.(%) 1 2 1 -3 1
Std 0.026 0.011 0.094 0.229 0.034
Std (%) 1 4 2 6 2
Blanks Avg 0.012 0.000 0.008 0.012 0.008
N=14 % of standard 0.5 0.0 0.2 0.3 0.5
Samples | Avg 0.021 0.011 0.90 1.44 1.68
N=48 Std 0.012 0.009 0.48 0.32 0.94
Min 0.006 0.000 0.26 0.55 0.44
Max 0.066 0.029 2.17 2.37 5.37
Samples Il Avg 0.078 0.181 411 0.54 4.34
N=64 Std 0.048 0.033 0.96 0.27 1.97
Min 0.014 0.062 0.19 0.17 2.01
Max 0.208 0.241 5.65 1.41 15.9
Detect. 0.001 0.002 0.001 0.001 0.001
limit

Table 9.5b: Statistical parameters for anions in run 00-11-20
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Process blanks: To investigate the possible influence from manual sample cutting on
measured sample concentrations a rod of artificial blank ice was made by filling a clean
plastic tube with super quality water and let it freeze. 22 samples were manually cut
from the ice rod and measured one after the other.

In general the process blank values seem lower than normal blank values that are
affected by sample-to-sample cross-talk with standard measurements (see Table 9.6).
Nitrate and sulphate were not detected in the process blanks. However there is more
lithium in the process blanks than in normal blanks. Whether this lithium is coming
from the preparation of the artificial ice rod or whether it is a contamination from the
manual sample cutting is not obvious, but the concentrations are very similar in all the
process blanks and with similar Li/Ca ratios. Therefore it is likely that lithium is derived
from the preparation of the ice rod.

Lithium Sodium Potassium Magnesium Calcium
Avg 0.0002 0.032 0.016 0.012 0.043
Std 0.0001 0.027 0.013 0.005 0.026
% of standard 0.1 3.3 0.8 0.3 1.0

Fluoride M.S.A. Chloride Nitrate Sulphate
Avg 0.010 0.001 0.007 0.000 0.000
Std 0.002 0.001 0.010 0.000 0.000
% of standard 0.4 0.4 0.1 0.0 0.0

Table 9.6: Blank samples were cut from frozen SQ water and measured in order to test
the sampling procedure.

Linearity test — low concentrations: A test of linearity at low concentrations was
made. Below is shown the logarithmic response versus concentration (markers) and the
calibration curve (line). For MSA and nitrate the assumption of linearity do not hold.
For sodium and potassium the deviation from linearity for small concentrations could be
an effect of contaminations of the low concentration standard solutions rather than a
non-linear response.

Lithium shows high linearity for very low concentrations while in general measured
values show higher variation for low concentrations, therefore a higher reproducibility
is obtained by choosing a standard of higher concentration for quantitations in the low
concentration range (see Figure 9.6).

Linearity test — high concentrations: A linearity-test for high concentrations was
made. 10 % error bars are inserted in the calibration curve. Within the range of
measured concentrations only ammonium shows a deviation from linearity (see Figure
9.7). The test was made at a time where the nitrate peak was not separated from the
hydrogen-carbonate peak.
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Figure 9.6: Linearity test for low concentrations.
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Figure 9.7: Linearity test for high concentrations.
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10: Summary and Outlook

lon chromatography (IC) is a conventional method frequently applied in ice core
analyses because of its high quality in simultaneous analysis of multiple components
and in accurate quantification of trace contents of soluble ions. In this work a
continuous record of ion chemistry in the NorthGRIP ice core obtained using ion
chromatography is presented (Chapter 6).

Soluble lithium was introduced as a new species to be analysed in polar ice cores
(Chapter 3). Ice core contents of soluble lithium are three orders of magnitudes lower
than contents of major soluble ions. However, ice core concentrations of soluble lithium
can be quantified using an optimized IC technique.

Sea salt contribution to ice core contents of lithium is negligible compared to
contributions from mineral dust. Therefore ion chromatographic ice core analysis of
lithium in line with calcium, which is often used as an indicator for contents of mineral
dust, has a potential of providing details in chemistry and mineralogy of ice core dust
material.

A detailed investigation of a lithium anomaly observed in the NorthGRIP ice core
around the Holocene cold event 8.2 ka BP concluded that this particular lithium
anomaly is related to the transformation of the Qarhan salt lake (in the Qaidam basin,
north of the Tibetan plateau) into a playa (Chapter 4). This coincidence between the 8.2
ka BP event and environmental changes in Western China indicates a strong influence
of the North Atlantic climate on the Asian monsoon circulation. Furthermore, the
rapidity at which lithium concentrations increases in the NorthGRIP ice core during this
event shows that the changes of the Qarhan lake occurred abruptly. An open question
raised here is whether the drought period associated with the 8.2 ka BP event could have
caused permanent environmental changes in the Chinese desert areas, eventually
initiating conditions for higher evaporation and thereby irreversibly affecting the water
balance in the area.

Further measurements of soluble lithium in Greenland ice cores for the last 30,000 years
can show if the lithium anomaly around the 8.2 ka BP event is an isolated event in the
ice core, or if Greenland ice core records contain important information about changes
in lake status in Western China. Such a record would provide an ice core chronology of
monsoon induced environmental changes in the dust source area.

A detailed analysis of lithium chemistry in the DomeC ice core comparing soluble
lithium concentrations, measured using IC, with total (soluble and insoluble) contents of
lithium, measured using inductively coupled plasma mass spectrometry, suggested that
the source location of the dust changed during the last transition (Chapter 5). The
Holocene dust material shows characteristics that differ markedly from the
characteristics of the glacial dust material. In the glacial dust material lithium seems to
be related to clay minerals whereas in the Holocene dust material lithium seems to be
related to evaporites. These results are new findings and can significantly contribute to
the discussion about changes in the South American dust source areas and changes in
large-scale transport patterns for dust in East Antarctica during the last transition.
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Processes that are important for the cycles of dust and sea salt were discussed in order to
provide an understanding of the climatic influences on contents of dust and sea salt in
Greenland ice cores (Chapter 2). Assuming that transport is of only secondary
importance in the global dust cycle, dust models mainly focus on climate induced
surface conditions in the dust source areas in order to quantify dust emission. The
discussion in Chapter 2 led to the conclusion that the surface conditions in the source
areas for dust in Greenland ice cores is not affected significantly by climate changes,
and therefore Greenland dust is not reflecting the global dust cycle. Another conclusion
from this chapter was that contents of dust and sea salt are resulting from the large
variability of upper level wind patterns in the northern hemisphere, and therefore mainly
response to changing strength of north hemispheric upper-level winds. At present the
most likely transport path for dust from Chinese dust sources to Greenland is over the
North Pacific and North America and then northward in the North Atlantic.

During the last glacial, conditions were markedly different from present. Large ice
sheets, low sea level, and extended sea ice cover during the last glacial most likely have
resulted in a reorganization of the atmospheric circulation compared to the present.

The development of a statistical method for analysing ion composition in the
NorthGRIP ice core record was partly based on the observation that the relationship
between concentrations of different ion species may be approximated well by a power
law (Chapter 6). The method has shown its potential for providing characterizing
parameters of ice core ion records, and for interpretations of statistical properties in
terms of large-scale transport patterns and strength, when applying a simple transport
model. This is a completely new approach in ice core analysis and will undoubtedly
contribute to discussions about atmospheric circulation during the last glacial and
dynamical processes in the climate system.

The analysis of the NorthGRIP ion records of Marine Isotope Stage 3 (MIS-3) suggests
that large-scale transport patterns changed only little between stadials and interstadials.
These small changes might reflect changes in the upper level wind patterns associated
with changed extent of sea ice. In order to fully understand second order patterns in the
ion records, interpretations of the ion characteristics must be improved. Seasonality
could play an important role for the atmospheric transport patterns. Therefore a better
understanding of the large-scale transport patterns during the last glacial and possible
seasonal effects is needed.

An investigation of long term trends in ion characteristics in the NorthGRIP ice core has
shown markedly different ion characteristics for time sections during MIS-5, indicating
that although large-scale transport patterns are relatively resistant towards the climatic
changes of the Dansgaard/Oeschger events, they are able to reorganize rapidly (Chapter
8). Reorganization of atmospheric circulation patterns could be related to the size of the
Laurentide ice sheet. During MIS-5 the Laurentide had not reached its full size, and the
size could have been varying around a certain threshold for the influences on the
atmospheric patterns. The observations of alternating atmospheric patterns during MIS-
5 is a new finding and will contribute to a better understanding of the influences from
the Laurentide ice sheet on atmospheric circulation patterns.

150



Chapter 10: Summary and Outlook

Also during very warm time periods of MIS-3, ion compositions may show different
characteristics (Chapter 8.6; Appendix). However, in these time periods, variations in
ion concentrations are small, and therefore they are not detected during the statistical
analysis of MIS-3 performed in Chapter 6. These very warm periods are succeeding
Heinrich events H4 and H5. Wind patterns could have changed during a Heinrich event,
as a response to the changed size of the Laurentide ice sheet, and then within the
succeeding interstadial, have reorganized into the general glacial configuration. This
topic could be interesting to follow and could contribute to the discussion about
atmospheric and other dynamical processes during Heinrich and Dansgaard/Oeschger
events.

The isotope record from the NorthGRIP ice core was recently presented by NorthGRIP
members (Chapter 7). One of the main results from that paper was the finding of a
regional effect in Greenland moisture sources during the last glacial with a possible
northern transport path for moisture to Northern Greenland. The paper further
concluded that circulation patterns during the last glacial were significantly different
from the present.

Below is shown a comparison between the NorthGRIP and the GISP2 ice core records
of soluble chloride and calcium (the GISP2 record has been synchronized to the ss09sea
chronology for comparison). While chloride concentrations are generally higher in the
NorthGRIP ice core than in the GISP2 ice core, calcium concentrations show regional
effects in variations.

—— NGRIP

55 JII ﬁ 'J] GIjPQ
ﬂif ﬁ“ﬂ&_] L} |'J'“-~___ﬁ_J|_'|de!

a5 55  60x10°

Age (ka BP)

h)
SR

2, -1
[Ca” | peqkg

—— NGRIP

GISP2
30

20

10/

40 45 50 55 60x10°
Age (ka BP)

[CI pegkg '

Dust and sea salt aerosol are likely to be transported along the same pathways as the
moisture. Therefore further studies of regional effects in Greenland isotope records and
in ion chemistry combined can provide a deeper understanding of the atmospheric
system during the last glacial period. A detailed investigation of regional effects in
Greenland using high resolution ice core chemical records might help understanding the
importance of seasonality.

All in all, this work has introduced new applications to ice core ion records, and raised
new questions related to large-scale transport patterns in the northern and southern
hemispheres. The results from this work have demonstrated the importance of ice core
records of ion chemistry in understanding atmospheric dynamical processes.
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