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a b s t r a c t

The EPICA ice core from Dome C extends 3259 m in depth, and encompasses 800 ka of datable and
sequential ice. Numerous chemical species have been measured along the length of the cores. Here we
concentrate on interpreting the main low-resolution patterns of major ions. We extend the published
record for non-sea-salt calcium, sea-salt sodium and non-sea-salt sulfate flux to 800 ka. The non-sea-salt
calcium record confirms that terrestrial dust originating from South America closely mirrored Antarctic
climate, both at orbital and millennial timescales. A major cause of the main trends is most likely climate
in southern South America, which could be sensitive to subtle changes in atmospheric circulation. Sea-
salt sodium also follows temperature, but with a threshold at low temperature. We re-examine the use of
sodium as a sea ice proxy, concluding that it is probably reflecting extent, with high salt concentrations
reflecting larger ice extents. With this interpretation, the sodium flux record indicates low ice extent
operating as an amplifier in warm interglacials. Non-sea-salt sulfate flux is almost constant along the
core, confirming the lack of change in marine productivity (for sulfur-producing organisms) in the areas
of the Southern Ocean contributing to the flux at Dome C. For the first time we also present long records
of reversible species such as nitrate and chloride, and show that the pattern of post-depositional losses
described for shallower ice is maintained in older ice. It appears possible to use these concentrations to
constrain snow accumulation rates in interglacial ice at this site, and the results suggest a possible
correction to accumulation rates in one early interglacial. Taken together the chemistry records offer
a number of constraints on the way the Earth system combined to give the major climate fluctuations of
the late Quaternary period.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The climate of the late Quaternary is dominated by the huge
glacial-interglacial swings occurring at orbital timescales (Lisiecki
and Raymo, 2005; Jouzel et al., 2007), and secondarily by related
: þ44 1223 221279.

All rights reserved.
changes in both hemispheres at millennial scale (e.g. EPICA
Community Members, 2006). These changes have particularly been
highlighted by data from the long Antarctic ice cores, showing the
dominance of these patterns in Antarctic temperature (Watanabe
et al., 2003a; Jouzel et al., 2007), and in greenhouse gas concen-
trations (Loulergue et al., 2008; Lüthi et al., 2008). The causes of the
climatic and biogeochemical changes are complex, involving an
interplay between external forcings and internal feedbacks and
amplifiers. Unravelling the mechanisms at work requires

mailto:ewwo@bas.ac.uk
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev


E.W. Wolff et al. / Quaternary Science Reviews 29 (2010) 285–295286
knowledge of other important parts of the Earth system, such as sea
ice extent, aerosol load, and biological productivity of the ocean.

Ice cores can play a further role in such studies, because they can
reveal other aspects of Earth system change, through the varying
deposition of trace chemicals trapped in the snow (as opposed to
the trace gases trapped in air bubbles). Such records are difficult to
interpret, because they concern mainly short-lived aerosol and gas-
phase species, and result from a combination of changes in source
strength, transport, deposition and (in some cases) preservation.
Nevertheless they certainly contain a wealth of information about
important environmental parameters (Legrand and Mayewski,
1997).

Records of some of the major ions in ice covering one or more
climatic cycles have previously been presented from the Vostok
(Legrand et al., 1988; Petit et al., 1999) and Dome Fuji (Watanabe
et al., 2003b) ice cores. More recently data on material from
oceanic and terrestrial sources have been shown to an age of
740 ka (Wolff et al., 2006) from the EPICA Dome C ice core.
Millennial scale variability in dust and sea salt components has
also been discussed, using data from two different EPICA sites over
one glacial cycle (Fischer et al., 2007). Here we extend the Dome C
record to its full length of 800 ka for non-sea-salt calcium (related
to terrestrial dust), sea salt sodium (representing sea salt), and
non-sea-salt sulfate. We re-examine the interpretation of these
data, referring in some cases to other papers in this volume that
discuss these issues in more detail, and we summarise the findings
from the long datasets. For two other major ions (nitrate and
chloride), data have previously been presented from Dome C only
for the last 45 ka (Röthlisberger et al., 2000b; Röthlisberger et al.,
2003; Udisti et al., 2005); their concentrations appeared to be
strongly controlled by changes in the extent to which they are
preserved in ice under different climatic conditions. Here we
extend those records to 800 ka, and consider whether the tenta-
tive interpretations of the recent period hold over the entire
profile; based on this we consider how they might be useful for
confirming aspects of the ice core age model. Finally we discuss
how the different aspects of the system uncovered by ice core
studies can be used together to elucidate the mechanisms of
climate change.

2. Impurities in Antarctic ice

The impurities found in Antarctic snow and ice are mainly
brought to the continent as aerosol, although some material (for
example nitric and hydrochloric acid) may also be partly deposited
directly from the gas-phase. The main classes of material that can
be found and measured in the ice are:

(a) Terrestrial material derived from soils and mineral dust. This
can be investigated by looking at insoluble dust particle
numbers, size and volume (Delmonte et al., 2004; Lambert
et al., 2008), or by a range of elemental markers (Ruth et al.,
2008), such as Al, Fe or Ca. In this paper, we use calcium, after
making a correction for sea salt input of the element. Because
the composition of the dust arriving in Antarctica may vary
with time, no single element can give a holistic picture of the
input of terrestrial material; however, it appears that the gross
changes are represented by each marker that has been used. It
has previously been shown through a range of geochemical
studies that the main source of dust to Antarctica is southern
South America (Delmonte et al., 2008), although it is possible
that other sources contribute during interglacials.

(b) Primary marine aerosol, derived ultimately from seawater.
In this paper, we use Na (after a correction, to be discussed
later, for terrestrial material) as the indicator for this
aerosol. Other major cations found in seawater, such as Mg,
K, and Ca, have a greater relative proportion of their input
from terrestrial material, and therefore a mixed interpre-
tation. At central Antarctic sites, chloride, often used as
a marine indicator elsewhere, suffers from strong changes
due to reactions with acid (Legrand et al., 1996; Röth-
lisberger et al., 2003), and the loss or addition of HCl, as
discussed later, and is therefore unsuitable as a quantitative
indicator of marine input. Secondary organic marine aerosol
has not yet been much-considered in ice core studies, but
has a potential for future study. Secondary marine aerosol
derived from S compounds is discussed in the next
paragraph.

(c) Biogenic sulfur species. Both methanesulfonate (often abbre-
viated in its acidic form as MSA) and sulfate in central
Antarctica derive largely from the oxidation of dimethylsulfide
(DMS), produced by marine algae. In coastal regions, MSA is
preferred, because it has no other known sources, whereas
some sulfate also derives from sea salt, volcanism, terrestrial
material, and pollution. However, MSA is poorly preserved in
interglacial ice in central Antarctica (e.g. Wagnon et al., 1999;
Weller et al., 2004), and can therefore not be used to track
marine biogenic changes (Wolff et al., 2006). Fortunately, on
the East Antarctic plateau, the sea salt correction for sulfate is
generally small and easily made and the other sources rela-
tively minor; we therefore use sulfate, after making the sea salt
correction, as a marker of the marine biogenic input to central
Antarctica. It has also been proposed that ammonium can act as
a marine biogenic marker, and this is explored in another paper
in this volume (Kaufmann et al, 2010).

(d) Volcanic material. Large volcanic eruptions from which SO2

reaches the stratosphere, leave a signature of spikes of sulfate,
lasting up to a few years, that dominate the short term vari-
ability of sulfate (Castellano et al., 2004) and electrical
conductivity records in polar ice. Volcanic material certainly
contributes to background concentrations of many trace
elements, although its input is particularly highlighted in very
occasional visible ash layers that contain particularly high
levels of impurity (Basile et al., 2001).

(e) Acidic gases. Nitrate and chloride can both be deposited as salts
in the aerosol phase, and as acids from the gas-phase. The
origin of nitrate in the Antarctic atmosphere is not completely
understood, but is likely a combination of input from the
stratosphere, from low latitude sources, and recycling from
elsewhere in the continent through photolysis and evapora-
tion/condensation processes (Savarino et al., 2007; Wolff et al.,
2008). Chloride derives from sea salt, with the acidic compo-
nent resulting from reactions of sea salt aerosol with sulphuric
or nitric acid. The amount of nitric and hydrochloric acid (as
well as organic acids) actually preserved in ice seems to be
strongly dependent on conditions in the ice (snow accumula-
tion rate, temperature, concentrations of other impurities)
(Röthlisberger et al., 2000b; Röthlisberger et al., 2003).

(f) Other material. There has been little study of more exotic
materials in the ice. Recent work has investigated the tiny
amounts of extraterrestrial material (Gabrielli et al., 2006;
Winckler and Fischer, 2006). Cosmogenically-derived material,
such as 10Be, also forms part of the chemical content of ice, and
has been of significant use in synchronising and dating ice
cores (e.g. Raisbeck et al., 2006). Until now very few studies of
organic or biological material have been made in Antarctic ice,
and none have surveyed through climatic cycles.

In this paper, we will discuss markers representing the classes a, b,
c and e described above over the 800 ka period of the Dome C ice core.
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Fig. 1. Chemical fluxes to 800 ka ago. Fluxes shown for nssCa, ssNa and nssSO 4
2� are

2 ka averages. Calculations are shown using mean seawater and crustal ratios of Na/Ca,
as discussed in the text. ssNa calculated using an alternative crustal ratio (Bigler et al.,
2006) is shown as a dashed line. Deuterium (Antarctic temperature proxy) is also
shown, as 1 ka averages. All Dome C records are on the EDC3 age scale. A marine
benthic isotope stack (Lisiecki and Raymo, 2005) is also shown for comparison, and is
on the LR04 age scale. The notation (b1950) is used to indicate years before a reference
of 1950 AD.
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3. Methods

The data in this paper come from the ice core, drilled by the
European Project for Ice Coring in Antarctica (EPICA), from Dome C
(75�060S, 123�210E, altitude 3233 m above sea level). This site is far
removed from any terrestrial or marine sources, and therefore
represents input of material to the central East Antarctic plateau
from outside the continent.

Samples from 0 to 580 m depth were prepared by cutting
discrete samples from a section of the core, removing contaminated
outer layers with a plane or scalpel, and melting the ice. Below
580 m, samples were collected into sample vials using a melting
device: a 3.4� 3.4 cm strip of ice was melted onto a hotplate (either
in the field or in a European cold laboratory) (Röthlisberger et al.,
2000a; Kaufmann et al., 2008), and part of the melt from the inner
part of the core was fed into vials for later ion chromatography (IC)
analysis; along the entire core another part of the melt was led
directly to various detection devices (in a continuous flow analysis
(CFA) system). Of the components shown here, Naþ, NO3

� and Ca2þ

were determined both by IC from the vials, and spectrometrically
using the CFA system (Röthlisberger et al., 2000a; Kaufmann et al.,
2008). The results shown here are from IC, but good agreement
between methods is generally found (Littot et al., 2002). The
exception is for Ca2þ in the upper 580 m, for which the IC data may
be slightly contaminated due to possible incomplete removal of
outer layers. This problem does not affect any other ions; beyond
580 m, we found generally good agreement between IC and CFA
Ca2þ data, although CFA concentrations tended to be slightly lower
than those measured by IC at the lowest concentrations found in
interglacial periods. We have therefore used the CFA Ca2þ data for
the upper 580 m (27 ka). The anions presented here were measured
by passing some of the CFA water directly into a fast IC (FIC) device
(Traversi et al., 2002), as well as by conventional IC. A comparison
between the two methods shows excellent agreement, but here-
after IC data are used. None of the three methods described here is
likely to measure the insoluble fraction of terrestrial dust (Ruth
et al., 2008).

Major ions presented here (Naþ, Ca2þ, Cl�, NO3
�, SO4

2�) were
measured in 6 different laboratories by IC; the estimated uncer-
tainty on individual measurements is better than 5% at higher
concentrations (Littot et al., 2002), increasing somewhat close to
detection limits (e.g. interglacial Ca values). Below 2162 m
(w200 ka), we have used a set of samples, each integrating
0.55 m or 1.1 m of ice melt, analysed by a single laboratory, thus
eliminating any inter-laboratory inconsistency. Above that depth,
samples typically 5–11 cm long, were analysed in sections by
different laboratories, and then averaged. Larger inter-laboratory
differences than expected from the analytical uncertainty and
inter-sample variability were observed for one or more ions in
some depth intervals. As a result a small number of data blocks
from particular laboratories were rejected; in these cases, aver-
ages using only data from the other laboratories were used. In
particular: (1) for one ion (Ca2þ), one laboratory reported occa-
sional high spikes in concentration in one period of analysis; the
entire Ca2þ dataset for these analytical periods from that labo-
ratory were rejected. (2) One laboratory had an outlying low
sensitivity in a round robin sample intercomparison carried out
at the end of one year of analysis; as a result the data from that
laboratory for all ions analysed that year were removed from the
dataset. (3) One laboratory showed consistently lower average
values than the others for just one anion (Cl�) during one year of
analyses; the Cl� values for that laboratory during that year of
analysis have been removed from the dataset. This procedure for
rejecting data ensured a consistent analytical procedure, but still
gave sufficient time resolution at all depths for the studies in this
paper. Higher resolution studies can be carried out using data
from fewer ions measured by a single laboratory (Röthlisberger
et al., 2008); or by carefully normalising the IC data from
different laboratories.

The timescale is EDC3 (Parrenin et al., 2007), and the accumu-
lation rates used to calculate flux also derive from EDC3. Because
data published previously (Wolff et al., 2006; Wolff et al., 2007)
were on the less-sophisticated EDC2 age scale, both the fluxes and
age of samples shown here differ slightly in their common time
period from earlier datasets, although the pattern of change
remains the same.

We calculated sea-salt-Na (ssNa) and non-sea-salt-Ca (nssCa)
assuming a Ca/Na weight ratio of 0.038 for marine aerosols and 1.78
for the average crust (Bowen, 1979). While the latter figure could be
highly variable between different terrestrial sources, leading to
a substantial uncertainty in ssNa, many previous authors (Legrand
and Delmas, 1988; Röthlisberger et al., 2002b) have suggested that
this is the most suitable ratio to use. Some evidence suggests that
the crustal source material may be dominated by marine clays or
other Na-rich material, leading to a recommended ratio of Ca/Na of
1.06, and a larger correction for terrestrial Na (Bigler et al., 2006).
The reduced ratio gives an insignificant change to nssCa (and later,
to nssSO4

2�); there is a noticeable difference for ssNa (which we
show as a dashed line in Fig. 1). However, no reasonable ratios affect
the general pattern of the derived time series, nor the conclusions
of this paper, so for consistency with our earlier work we have used



-450

-420

-390

δD
 
/
 
‰

0

50

100

150

200
Cl
ssNa

C
l
-
,
 
s

s
N

a
 
/
 
μg

 
k

g
-
1

0

25

50

75

0 200 400 600 800

nssCa
NO3

 -

Age / ka (b1950)

N
O

3

-
,
 
n

s
s

C
a

 
/
 
μg

 
k

g
-
1

Fig. 2. Nitrate and chloride concentrations to 800 ka ago. Concentrations shown are
2 ka averages; the concentration of nssCa and ssNa are also shown for comparison, as
are values of Dome C deuterium (1 ka averages). Arrows above the NO 3

� curve show
examples of nitrate peaks that are independent of nssCa peaks.

E.W. Wolff et al. / Quaternary Science Reviews 29 (2010) 285–295288
the value of 1.78. We confirm over the extended time period that,
on average about 90% of Na is from sea salt, although the proportion
occasionally falls below 70% in glacial periods (or even 50% with the
larger terrestrial Na correction). About 90% of Ca in glacial times is
from terrestrial sources, but the proportion can be much lower in
interglacials.

Non-sea salt SO4
2� (nssSO4

2�) was first derived by subtracting the
sea salt part, traditionally calculated by using ssNa and applying the
weight ratio of SO4

2�/Na in seawater (0.25). However, if the main
source of sea salt is actually the sea ice surface, then this source is
depleted in sulfate compared to seawater, with a ratio close to 0.1
(Wagenbach et al., 1998; Rankin et al., 2002); there is now some
direct evidence that material with a low ratio reaches the Dome C
site (Jourdain et al., 2008). We present nssSO4

2� fluxes calculated
with the latter method – again our choice does not significantly
affect the results of this paper. A small terrestrial input of sulfate
might be present, especially in glacials, when the dust concentra-
tion is high. Sulfate/dust ratios in terrestrial aerosol are highly
variable and source-dependent. We therefore refrain from making
a dust correction of nssSO4

2�, but recognise that the glacial values
might be upper limits.

For nitrate and chloride, where post-depositional effects domi-
nate the observed profiles, we present concentrations as measured
in meltwater from the ice. For the other ions we present fluxes,
calculated using snow accumulation rates derived from deuterium
values as part of the production of the EDC3 age scale (Parrenin et al.,
2007). We use fluxes because their changes are more representative
of atmospheric concentration changes if, as is generally believed for
Dome C, dry deposition dominates over wet deposition of aerosol.
This choice tends to reduce the glacial-interglacial contrasts
compared to those observed with concentration, because snow
accumulation rates are lower in glacial periods when ionic
concentrations are higher. The data covering the entire 800 ka
period are presented as averages over 1 ka or 2 ka periods.

4. Results

Fig. 1 shows the flux of nssCa, ssNa and nssSO4
2� at Dome C for

the last 800 ka. Also shown are deuterium (Antarctic temperature
proxy) (Jouzel et al., 2007), and a marine benthic 18O record
(Lisiecki and Raymo, 2005), obtained from a stack of cores, and
representing a combination of global ice volume and deep water
temperature. This record improves on data presented previously by
using the new EDC3 age scale (which also changes derived snow
accumulation rates and calculated fluxes), and by extending the
records through marine isotope stages (MIS) 18 and 19, to the end
of MIS20 at 800 ka (b1950, where this notation implies time before
a zero of 1950 AD).

All three ions show the same pattern we observed in the
previous reduced dataset. NssSO4

2� flux has similar values
throughout the dataset, again with no glacial-interglacial contrast
across the MIS18/19/20 boundaries. SsNa flux continues to show
glacial-interglacial contrasts of approximately factor 2, with lower
values in warm periods, and relatively little variability during cold
periods. The flux in MIS19 reaches values slightly lower than
minimum values seen in the Holocene. NssCa flux shows huge (up
to factor 20) glacial-interglacial contrast, with the highest values at
the coldest periods. MIS19 exhibits low fluxes similar to those seen
in other interglacials, while the deepest ice in MIS20 has values
a little higher than are observed in most other glacials, exceeded
only by values in MIS12.

Fig. 2 shows the concentrations of NO3
� and Cl� at Dome C for

the last 800 ka. Also shown are the nssCa and ssNa concentration,
and the deuterium values. Nitrate shows much higher concentra-
tions in glacial periods, particularly when nssCa is high; typical
glacial/interglacial ratios are around 5. Cl� shows a similar general
structure to Na, including the highest values occurring in glacial
maxima, and always low concentrations in interglacials. However,
the relative strength of Cl� and Na concentration in different
climatic periods is different, and the ratio of Cl�/Na varies a lot, as
we explore later.

5. Discussion

We now discuss in turn the different classes of chemicals
described in Section 2, summarising our best understanding of the
interpretations of the data shown in Section 4.

5.1. Calcium as an indicator of terrestrial input

Ca is taken as an indicator of input of terrestrial dust. However,
we compare it in Fig. 3 with insoluble dust as recently presented
(Lambert et al., 2008) based on optical measurements of dust
particle size spectra integrated to give mass. Generally speaking the
two profiles are congruent (with a ratio 20:1, i.e. suggesting that
soluble nssCa is 5% of total dust mass). Compared to nssCa, dust
gives a lower relative value for some interglacials, but notably
relatively lower values for glacials beyond 600 ka. The result of this
is that MIS 16, 18 and 20 appear to have low dust concentrations
compared to MIS 8, 10 and 12, which is not the case if nssCa is
considered. We are unable to say whether this difference is due to
a change in the composition of aeolian dust in the earlier period, or
a difficulty in measuring the correct concentration in deeper ice in
one method or the other; until this can be resolved we must treat
trends in the relative dustiness of glacials with some care.

We will not discuss in detail here aspects of the nssCa record that
have already been discussed extensively, such as the relationship
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between dust proxies and temperature over long timescales (Lambert
et al., 2008; Röthlisberger et al., 2008). The two most obvious features
of the nssCa record, as noted previously (Wolff et al., 2006; Lambert
et al., 2008) are (a) that the fluxes in different interglacials are rather
similar, suggesting that there is a threshold in response of dust
sources and transport relative to Antarctic temperature (Röth-
lisberger et al., 2010), and (b) that there is a huge contrast between
glacial and interglacial fluxes, with peak glacial fluxes about a factor
20 higher than those seen in interglacials or in mild parts of glacials. It
is well-established that the main source of dust to Antarctica during
glacials is southern South America (Delmonte et al., 2008), even if
other sources might be relevant during interglacials. Therefore the
main issue is to explain a factor 20 increase in either the source or
transport (or a combination) of South American dust to Antarctica.

There are three main classes of explanation for this increase, and
here we make our own assessment of them. These are:

(a) Changes in the areal extent of the dust source, due to the
increased area of continental shelf exposed during times of low
sea level.

(b) Changes in the strength of transport from South America to
Antarctic sites, or in the amount of deposition between South
America and Antarctica; these two factors together alter the
amount of dust reaching Antarctica. We do not consider here
changes in deposition in Antarctica, because these are already
accounted for by using the flux, making the assumption that
dry deposition dominates.

(c) Changes in the source strength from South America resulting
from changes in glacier extent, river routing, vegetation,
precipitation or wind speed for uplift; these can all be consid-
ered together under the heading of changes in the climate of
southern South America.
5.1.1. Sea level and continental shelf area
Limits can easily be placed on the possible role of (a) by

considering the timing of change in dust flux and sea level during
terminations and inceptions. We previously considered this for
termination I (Röthlisberger et al., 2002b; Wolff et al., 2006), and
expand on this explanation here.
When sea level falls, the Argentine continental shelf to the east
of Patagonia becomes exposed. It has been estimated that, at the
LGM, the net relative sea level (RSL) at this shelf, due to eustatic
and hydroisostatic components with a small correction for tectonic
uplift, was 150 m below present sea level (of which �110 m was
eustatic) (Guilderson et al., 2000). We previously illustrated (Wolff
et al., 2006, Supplementary Fig. 2) the depth of the continental
shelf, showing that 70% of the shelf area would flood by the time
RSL reaches �80 m. However, combining the change in RSL
(Guilderson et al., 2000) with the areas of shelf at each depth
(Fig. 4) it is easy to see that most of the fall in nssCa flux occurs
well before any significant change in continental shelf area. In
particular, the flux of nssCa has halved by 17 ka, when the change
in sea level, both in the Argentine continental shelf, and in other
reconstructions (Siddall et al., 2003) had barely started. While we
cannot rule out that the dust source became exhausted just before
terminations, at least the inundation of the shelf must be playing
a limited role in reducing the dust source. It is difficult to examine
the phasing of sea level and dust fluxes during inception, because
the sea level records are less detailed, and not well-synchronised
to ice core data even at the last inception. However, we do note
that the nssCa flux, at both the Dome C and the EPICA Dronning
Maud Land (EDML) sites reduced by a factor of about 5 during the
large Antarctic Isotopic Maximum (AIM) 8, at about 38 ka (Fischer
et al., 2007), while sea level likely varied only by the order of 20 m
(Siddall et al., 2003), and therefore played only a small role. It
therefore appears that the greatest part of the factorial changes in
nssCa have to come from another source, although sea level/
continental shelf area changes can contribute, especially during
periods when sea level changes between 80 and 150 m, and
probably only by a factor 2–3.

5.1.2. Changes in transport and lifetime against deposition
The proportion of dust emitted from South America that arrives

over the Antarctic continent is determined by how much is lost by
deposition from the air mass during transport, which is determined
by the ratio of the transport time to the residence time against wet
and dry deposition (Hansson, 1994). The proportion retained
should increase if either the transport speed increases, or the
deposition lifetime increases.

Regarding the transport time, a number of lines of evidence
suggest that it did not change very significantly, at least between
the LGM and present. Firstly, it was expected that increased
transport speed would lead to larger particles being carried to
Antarctica; in fact the small change in particle size of the dust in the
Dome C ice core between the Holocene and LGM is in the opposite
direction, at face value suggesting lower speeds in the LGM
(Lambert et al., 2008). Making assumptions about the transport
path over Antarctica, the relatively constant ratio of nssCa flux at
the EDML and Dome C sites over the last glacial cycle can be
interpreted as meaning that the ratio of transport time to residence
time was relatively constant (within a factor 2) (Fischer et al., 2007).
Finally, GCM modelling studies that incorporate atmospheric
transport and deposition (Lunt and Valdes, 2001; Werner et al.,
2002; Krinner and Genthon, 2003; Mahowald et al., 2006) pre-
dicted no significant change in concentration at Antarctic ice core
sites unless source strengths were changed. This is in contrast to
the results of a simple two-dimensional model (Yung et al., 1996)
that would predict a 5-fold increase in flux of dust to Antarctica due
to a weakened hydrological cycle in the LGM. This discrepancy
between different types of model suggests that more focus is
needed on understanding the transport pathways and altitudes, to
assess the relevance of wet deposition. However, taking all the
empirical and modelling studies together, the factor of 5 seems to
be an extreme upper limit to the likely importance of the lifetime
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Fig. 5. Surface wind speed profile against latitude, averaged over grid boxes in the
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and transport effect together, with no change being also within the
range of possibilities.

5.1.3. Changes in South American climate
Taking the above into account, we consider that most (factor

5–20 between LGM and present) of the changes seen in the nssCa
flux profile have to be caused by changes in dust production in
southern South America. Such changes might be the result of the
growth of the Patagonian ice sheet, which should affect both
the production of fine material, and the climate and hydrology of
the region. Other factors would be the humidity of the climate,
affecting the ability of vegetation to stabilise the surface, and the
surface wind speed, potentially affecting uplift of dust in a highly
non-linear way. Many of these factors are in fact closely related to
the overall atmospheric circulation over southern South America,
and in particular the strength and latitude range of the southern
westerlies.

Unfortunately, there is conflicting evidence, both from palae-
orecords (Markgraf et al., 1992; Moreno et al., 1999) and from
modelling studies (Kim et al., 2003; Shin et al., 2003; Otto-Bliesner
et al., 2006) about how the westerlies changed. Part of the
discrepancy is due to the importance of correct specification of the
boundary conditions (especially SSTs and sea ice), and part is due to
the fact that the westerly wind band is relatively broad: simple
statistics such as the latitude of maximum strength do not
adequately describe the effect of the changes at particular locations.

To assess the possible effects of changing westerlies in South
America, we have carried out a modelling study, using the Hadley
Centre HadAM3 model with boundary conditions taken from the
GLAMAP reconstruction (Paul and Schäfer-Neth, 2003). We have
integrated the modelled surface winds over the ocean sector
upwind of southern South America, from longitude 92�W to 69 �W
(avoiding problems due to low model resolution relative to
topography over the continent itself). In this model test (Fig. 5), we
find a slight decrease in wind speed with LGM sea surface
temperatures (compared to present) in summer, but a very signif-
icant increase during winter over a substantial latitude band at the
south of South America. While we do not want to stretch the
quantitative significance of this result, we note that, if the main
dust production area was between 45 and 55�S, and if the main
production was in winter, then substantial changes in moisture
input and in dust uplift might be expected. This is because
entrainment is a highly non-linear process, featuring cubic
increases in production for increases in wind speed above the
entrainment threshold. We note that analyses in which a single
annual statistic for wind speed was used would not have captured
this change.

It is also possible that other thresholds can arise, in which nssCa
does not show further changes beyond a certain stage of Antarctic
warmth: this can for example represent a situation in which the
main changes in wind speed occur south of the landmass, or (as in
winter for the pre-industrial (Fig. 5)) where the latitudinal wind
profile is rather flat, so that further latitudinal shifts do not provoke
a change in wind speed at relevant latitudes.

Although we have highlighted the potential role of changes in
wind, the inconclusive results of both data and models on the
changes that occurred, even between the LGM and present, means
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that we cannot confidently ascribe changes in dust source strength
to winds. The supply of dust in Patagonia must have been affected
by the strength, nature and location of glacial outwash as the
Patagonian ice sheet waxed and waned (Sugden et al., 2009);
aridity must certainly have changed, not only due to circulation
changes but also due to the general cooling of the atmosphere.
While we ascribe the main changes to conditions in South America,
the exact cause and nature of those changes remains to be
determined.

5.1.4. Summary of terrestrial input
In summary, we consider, with the present state of knowledge

that it is likely that changes at the South American source played
a very significant role in the observed changes in nssCa (of factor
20), but acknowledge that changes in exposed area may play a role
(wfactor 2), and that the role of changes in lifetime of dust in the
atmosphere might contribute anything from a factor 1 (based on
the more complex models) to an extreme estimate of factor 5.

Irrespective of the causes of change, we re-iterate that dust
reaching Antarctica has passed over large tracts of the Southern
Ocean, and it is believed that southern South America is also the
main source of dust to most of the Southern Ocean. The nssCa flux
profile can therefore be seen as a first order indicator of the input of
dust, including Fe, to the Southern Ocean, and that it can therefore
be used in modelling studies as a scaling for input for iron fertil-
isation (Kohler and Fischer, 2006). The scaling would need to be
adjusted if the losses in transport were actually a large part of the
cause of change between cold and warm periods. Realistic studies
will also need to concern themselves with any changes in Fe/Ca
ratios in dust, in the solubility of the dust, and more exotic issues
such as ligand availability (Parekh et al., 2008). However, as long as
these issues are difficult to quantify, nssCa from Dome C provides
a robust and well-resolved dataset of the first order changes.

In this regard, we have previously pointed out that nssCa
dropped to near-interglacial low levels in many terminations rather
early in the termination, and in particular at a time when CO2 had
only risen by 20–30 ppmv from its glacial value (Röthlisberger et al.,
2002b; Wolff et al., 2006). A similar situation applies at inceptions,
with CO2 dropping in the absence of large changes in nssCa. This
supports the similar observation that in some large AIM in the last
glacial cycle, nssCa returns to almost interglacial values even
though CO2 has an excursion of only around 20 ppmv (Röth-
lisberger et al., 2004). These observations allowed us to suggest on
empirical grounds alone that fertilisation by dust (iron in partic-
ular) could not contribute more than 20 ppmv to the glacial-
interglacial CO2 change, although its contribution could certainly be
smaller (Parekh et al., 2008; Fischer et al., 2010).

As an additional point, we note that particularly low values of
CO2, some 10 ppmv lower than those seen in other glacials, were
observed in MIS 16 and 18, around 670 and 745 ka ago (Lüthi et al.,
2008) (Fig. 6). The periods of especially low CO2 concentrations are
accompanied by nssCa fluxes that are no different to those seen in
other glacials. We can therefore deduce that additional Fe fertil-
isation was not the cause of the reduced CO2 in this interval.
5.2. Marine aerosol

As discussed in section 2 (because of preservation issues with
Cl�) ssNa flux is the most reliable indicator of sea salt input; it
shows higher values in glacial than interglacials by about a factor 2
(Fig. 1). The significance of sea salt fluxes, and their possible use as
a sea ice indicator, has been discussed in several places (Wolff et al.,
2003; Wolff et al., 2006; Fischer et al., 2007; Röthlisberger et al.,
2008; Röthlisberger et al., 2010). We will not repeat the arguments
in full here, but only summarise the present status of sea salt as
a sea ice indicator.

The hypothesis that sea salt is positively related to features of
sea ice relies on the idea that there is a significant source of sea salt
aerosol on the surface of sea ice, and that this sea ice material
reaches central Antarctica. The main identifier for such a source is
the depletion of sulfate relative to sodium that is expected and
observed in coastal aerosol and snow (Wagenbach et al., 1998;
Rankin et al., 2002) and in frost flower samples. However, it has
been difficult to demonstrate its occurrence in central Antarctica,
because relative to its presence in sea salt, there is a large back-
ground of nssSO4

2� that masks any depletion. However, in a detailed
study of size resolved aerosol at Dome C, it has been shown clearly
that sulfate-depleted aerosol contributes significantly to the sea
salt input to that site (Jourdain et al., 2008), at least in winter when
sea salt concentrations peak; this adds to evidence from aerosol
measurements at Dome Fuji (Hara et al., 2004). Since no method
other than fractionation of mirabilite on sea ice surfaces has been
shown to produce aerosol depleted in sulfate, this appears to
confirm that the sea ice surface is currently a major source of sea
salt to central Antarctica – it is reasonable to assume that its
importance (relative to the open water source) can only have been
greater when sea ice was extended, and open water more distant, in
glacial times.

It has also not been clear what aspect of sea ice extent the flux of
sea salt to the ice sheet might represent. Frost flowers are related to
new sea ice in open leads and polynyas, which led to the suggestion
that sea salt was an indicator of ice production, and only second-
arily (because the late summer sea ice extent around much of
Antarctica is minimal) of extent. However, open leads do occur
throughout the sea ice zone, so frost flower production may also be
directly related to sea ice extent. Moreover a convincing case has
recently been made that snow on sea ice, made saline by flooding
and wicking of brine, might actually be the major source of sea salt
aerosol, mobilised by sublimation of blowing snow (Yang et al.,
2008). This requires further study, but since salty snow likely
overlies the entire sea ice area, it opens the way to an assumption
that the formation of sea salt aerosol depends on the ice extent
(with a bias towards the maximum extent in spring) rather than
just new production. Finally it has also been pointed out that with
this ubiquitous source, the sensitivity of sea salt flux to sea ice
extent will be highly non-linear, dropping off rapidly at large ice
extents (Fischer et al., 2007; Röthlisberger et al., 2010). There is an
urgent need to calibrate the proxy through modelling studies using
different sources of sea salt, but meanwhile the available evidence
seems to support the idea that sea salt can be used as a sea ice
extent proxy, but with much reduced sensitivity (amounting to
a threshold) at very large ice extents. We expect the proxy to be
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particularly suitable at extents lesser or slightly greater than today,
i.e for different interglacials. It is therefore noteworthy that in the
last interglacial, when the deuterium profile suggests that Antarctic
temperature was considerably warmer (up to 4 �C) than today
(Jouzel et al., 2007), the sea salt proxy suggests a simultaneous
period of considerably reduced sea ice extent (the minimum for the
last 800 ka) (Fig. 7) which would clearly be part of the feedbacks
reinforcing the warmer temperatures.
5.3. Biogenic sulfur

Methanesulfonic acid is not used in this paper because it is
modified post-depositionally, and does not represent the produc-
tion of S compounds around Antarctica. We therefore present only
the extended record of nssSO4

2�, now covering 800 ka. This
confirms that this proxy remains remarkably constant over the
entire period (within þ/�15%, which is small considering the
uncertainty in the snow accumulation rate used to calculate fluxes),
with no apparent contrast between glacial and interglacial. This
supports our previous interpretation that, at least in the sector of
ocean producing DMS whose oxidation products reach Dome C, the
productivity of DMS-producing organisms changed little
throughout the period, in contrast to previous assumptions
(Legrand et al., 1991). As we have previously discussed (Wolff et al.,
2006), this result means that ice cores provide no evidence for the
operation, over glacial-interglacial cycles, of the biogenic feedbacks
implied by the CLAW hypothesis (Charlson et al., 1987), in which
the marine biogenic response to climate change would lead to
a feedback through changes in aerosol concentration. We note that,
if terrestrial sulfate (discussed in Section 3) was significant, then
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comes from two samples that integrated 1.1 m of ice each. The blue dots show the data
covering the same depth and time period obtained by averaging high resolution
(15 cm) samples; this suggests that the outlier is an analytical artefact.
glacial fluxes of DMS-derived sulfate would actually be lower than
those in interglacials. The nssSO4

2� record for the last glacial cycle is
examined in more detail in another paper in this volume; ammo-
nium is discussed in detail there as well (Kaufmann et al., 2010).

5.4. Acidic gases: nitrate and chloride

The first order control on nitrate concentrations in central
Antarctic ice cores appears to be the dust content of the ice (repre-
sented by nssCa). At times of high nssCa concentration, nitrate seems
to be at least partially protected (Röthlisberger et al., 2000b, 2002a)
against loss processes that clearly occur during the Holocene and
other warm periods (through a combination of sublimation and
photolysis).The very strong congruence of NO3

� and nssCa concen-
trations previously reported in the last glacial cycle at Dome C
(Röthlisberger et al., 2000b) and over several cycles at Vostok
(Legrand et al., 1999) is clearly seen throughout the record shown in
Fig. 2. Nonetheless there are several peaks (some denoted with
arrows in the figure) where nitrate rises in the absence of any change
in nssCa: these occur during interglacials and we discuss them now
in more detail.

It is already known that, at times when nssCa is low, and NO3
� is

poorly preserved, the next order influence on its concentration is
the snow accumulation rate, with high accumulation rates leading
to better preservation and higher concentrations (Röthlisberger
et al., 2002a). We have followed previous work (Legrand et al.,
1999) in plotting our nitrate concentrations against nssCa concen-
trations (using 2 ka averages) in order to derive a best fit correction
for the small amounts of Ca present in interglacial ice; the fit is
calculated only for [nssCa] >10 mg kg�1 and is
[NO3

�]¼ 0.939*nssCaþ 7.51 (all in mg kg�1), with an r2 of 0.79. The
xsNO3

� we then calculate (by subtracting 0.939*nssCa from the
nitrate concentrations) is plotted only for interglacials with low
dust content (Ca< 4 mg kg�1, dD>�410&) in Fig. 8 along with the
snow accumulation rate from the EDC3 age model; the accumula-
tion rates were derived from the deuterium values, assuming
a relationship between temperature and deuterium and between
accumulation rate and temperature (Parrenin et al., 2007). The use
of xsNO3

� rather than NO3
� in this plot makes an assumption that the

amount of nitrate trapped with dust extends to the less dusty
interglacial ice; however, the correction is rather small (on average
less than 1 ug kg�1), and the same plot using uncorrected NO3

� (not
shown here) looks very similar.

Using the scaling we have chosen, it is obvious that xsNO3
� is

extremely well-related to snow accumulation rate. We first observe
that the small early Holocene accumulation rate increase (from 25
to 30 kg m�2 a�1) is indeed accompanied by a small increase in
xsNO3

� concentration. However, we are also matching very well
onto the significantly higher accumulation rate of the last inter-
glacial. If we assume that the EDC3 accumulation rates for the
Holocene and last interglacial are relatively well-constrained then
(making the slightly questionable assumption of linearity), we can
use them to calibrate nitrate as an accumulation proxy. The nitrate
values fit very well to the accumulation rates in MIS 7.5, 9 and 11,
suggesting that there are no significant errors in those rates. They
fall above the model accumulation rates in MIS 7.3, 13, 15 and 17.
While this requires further investigation, it might suggest that the
modelled accumulation rates there are too low. We must be
cautious, because these are somewhat colder than most of the
‘‘calibration period’’, and we have not yet considered the effect of
temperature on nitrate preservation; furthermore, the use of
xsNO3

� as an accumulation indicator makes the implicit assumption
that the nitrate source function is invariant (or at least plays no
significant role in setting snow concentrations). It is noteworthy
that, in tuning the EDC3 age scale, it was necessary to change the
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thinning function in MIS 14 and 15.1; estimates of the magnitude of
the ice age-gas age depth difference suggested this as a superior
option to changing the accumulation rate (Dreyfus et al., 2007).
However the evidence for this was weak, and our evidence,
although also rather tenuous, possibly suggests that an increased
accumulation rate, at least in MIS15.1, might also be part of the
solution to resolving the age scale.

Finally, it has previously been shown (again only over the last
45 ka), that the ratio of Cl�/Na is highly variable along a core
(Röthlisberger et al., 2003). It can be both above and below the
seawater ratio of 1.8 by weight, due to the reaction of HNO3 or
H2SO4 with NaCl, which produces gaseous HCl, but depletes the
aerosol in chloride, and a varying preservation of HCl in snow
depending on parameters that again include snow accumulation
rate. The ratio is shown in Fig. 9 over 800 ka. As found previously,
the ratio reaches the seawater ratio only at times of very high dust
concentration; it was previously proposed that at such times there
is little atmospheric acidity to promote the reaction that creates
HCl. It was also found previously that the ratio was low during the
Holocene, but increased sharply in the early Holocene when snow
accumulation rate was slightly higher. This conclusion is confirmed
by the extended dataset: the ratio soars to over 3 when the snow
accumulation rate was at its highest in the last interglacial. It rea-
ches above 1.8 in other warm interglacials, but remains low during
cooler interglacials. Although further work is warranted (for
example using multiple sites with different accumulation rates) we
do not yet see a sufficiently simple relationship to try to derive
a further quantitative proxy from the Cl�/Na ratio. However, it
appears to be a useful and sensitive qualitative indicator: in the
absence of high dust concentrations (i.e. during warm interglacials)
snow accumulation rates higher than 30 kg m�2 a�1 seem to be
conducive to preservation of Cl� in Antarctic snow.

6. Summary – new lessons from the 800 ka of chemical data

Huge amounts of chemical data from ice cores exist. However, it
is more challenging to make environmental interpretation from
them than it is for the iconic water isotope and trace gas records,
because the short atmospheric lifetimes and multiple sources of
some chemical species add complexity to their transfer functions.
Nonetheless, the situation has greatly improved in recent years,
due to a combination of measurements in the atmosphere and
surface snow, modelling studies, and the rich nature of the long ice
core datasets now available. As a result, strong (albeit somewhat
tentative) conclusions about important aspects of the Earth system
can now be drawn from ice core records, including here the 800 ka
EPICA Dome C dataset.

For terrestrial material (represented in this paper by nssCa), it is
now clear that very major changes in the climatic conditions in
southern South America over glacial-interglacial transitions must
have occurred, while changes in atmospheric lifetime and conti-
nental area played a more limited role. It will however be a chal-
lenge to modellers to sufficiently constrain past changes in
atmospheric circulation over South America to realistically capture
the changes in dust production. In any case the different dust
proxies in the ice core form an invaluable product for use in
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modelling the input of potentially-fertilising material to the
Southern Ocean, and the temporal pattern of dust change strongly
constrains the maximum extent and timing of iron fertilisation as
a contributor to CO2 change.

Additional evidence has strengthened the idea that the sea ice
surface is a major contributor to sea salt in central Antarctica, while
new ideas about the nature of the source seem to point to ice extent
as a primary control. However, it has also been recognised that the
response falls off strongly at large ice extents, and therefore the
proxy (which still requires a good model calibration) is most useful
under moderate or interglacial conditions. In this respect, we have
pointed out that an exceptionally low sea ice extent must have
played an amplifying role in the unusually high temperatures of the
last interglacial (Fischer et al., 2007).

Nss-sulfate flux is remarkably flat across the entire 800 ka
section, despite the huge climate changes taking place. This
suggests a surprising constancy in marine biogenic production,
although this conclusion has to be confined to particular areas of
the ocean, and particular species (DMS producers).

While their concentrations in Dome C ice are largely controlled
by factors unrelated to source strength, it seems that both nitrate
and chloride are exceptionally sensitive to changes in snow accu-
mulation rate during interglacials. They thus provide a useful
confirmation of derived accumulation rates based on assumptions
about the relationship between snow accumulation rate and
deuterium content, and they also suggest at least one period
(MIS15.1) in which accumulation rates might need to be re-
considered.

While the information deduced above is diverse, when we add it
to biogeochemical information from trace gas measurements, and
climate data deduced from water isotopes, the package of
synchronised temporal environmental information provided by ice
cores gives an exceptional set of constraints for comprehensive
models of the behaviour of the Earth system, that coincidentally are
just now becoming available for palaeoclimate studies. Compara-
tive data from other ice cores, data of higher resolution looking at
shorter time periods, and focussed studies aimed at improving the
quantitative interpretation of chemical proxies are now needed in
order to make full use of the data already obtained.
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