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Abstract

The Little Ice Age (LIA) is the most recent abrupt climate change event. Understanding
its forcings and associated climate system feedbacks is made difficult by a scarcity of
Southern Hemisphere paleoclimate records. In this paper we utilise ice core glacio-
chemical records to reconstruct atmospheric and oceanic conditions in the Ross Sea
sector of Antarctic, a region influenced by two contrasting meteorological regimes:
katabatic winds and cyclones. Stable isotope (6D) and lithophile element concen-
tration (e.g., Al) records indicate that the region experienced ~1.75°C cooler temper-
atures and strong (>57ms‘1) prevailing katabatic winds during the LIA. We observe
that the 1590-1875 record is characterised by high d-excess values and marine ele-
ment (e.g., Na) concentrations, which are linked to the intrusion of cyclonic systems.
The strongest katabatic wind events of the LIA, marked by Al, Ti and Pb concentration
increases of an order of magnitude (>120 ppb Al), also occur during this interval. Fur-
thermore, concentrations of the biogenic sulphur species MS™ suggest that biological
productivity in the Ross Sea Polynya was ~80 % higher prior to 1875 than in the sub-
sequent time. We propose that colder temperatures and intensified cyclonic activity
in the Ross Sea promoted stronger katabatic winds across the Ross Ice Shelf, result-
ing in an enlarged polynya with increased sea ice and bottom water production. It is
therefore hypothesised that increased bottom water formation during the LIA occurred
in response to atmospheric circulation change.

1 Introduction

The Little Ice Age (LIA) terminated only ca. 150 yr ago and is the most recent of several
cooling events that punctuated the Holocene (Domack and Mayewski, 1999; Masson
et al., 2000). The cause of the LIA has been widely speculated upon (e.g. Ammann
et al., 2007; Broecker, 2000; Crowley, 2000), but no consensus has been reached,
despite the multitude of meteorological instrumental and proxy records available from
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the Northern Hemisphere (Jones et al., 2009). In particular, it is unclear what role the
thermohaline circulation of the world’s oceans may have played in instigating or ampli-
fying the climate response (Broecker, 2000). The timing, magnitude and character of
the LIA climate response varies regionally (Matthews and Briffa, 2005), so an impor-
tant aspect to understanding this event is the interpretation of Southern Hemisphere
records of paleoclimate, but few are currently available (Jones and Mann, 2004).

Antarctic ice cores are valuable archives of past climate and several ice cores have
recently been obtained with sufficient temporal resolution to record the LIA. Whilst
significant spatial and temporal variability exists (Masson et al., 2000; Morgan and
van Ommen, 1997; Mosley-Thompson and Thompson, 1990; Stenni et al., 2002),
records suggest that Antarctica experienced cooling synchronous with the Northern
Hemisphere during the LIA (Bertler et al., 2011) — an observation that is not consistent
with the standard bi-polar seesaw model of oceanic thermohaline circulation reorgani-
sation as the driver of climatic change (Broecker, 2000).

In this study, we examine the climate of the LIA in a key region of Antarctica using
sub-annual resolution glaciochemical records from a coastal ice core retrieved from
Mt. Erebus Saddle (MES), close to the edge of the Ross Ice Shelf in the Southwestern
Ross Sea sector (Fig. 1). The Ross Sea Polynya, which is located along the edge of the
Ross Ice Shelf, is a major site of Southern Ocean sea ice generation (Tamura et al.,
2008), which drives bottom water formation (Jacobs and Giulivi, 1998). Additionally,
the region is the most biologically productive area of the Southern Ocean (Arrigo and
van Dijken, 2003a). Consequently, climatic changes occurring here have the potential
to produce feedbacks which influence both regional conditions and the global climate
system (Mayewski et al., 2009). The MES ice core site is at a boundary between the
influence of two contrasting meteorological regimes. Air masses originate from both
the Southern Ocean, in the form of cyclones (Sinclair et al., 2010), and the interior of
Antarctica, in the form of katabatic flow (Sinclair et al., 2010; Bromwich et al., 1992).
The two dominant air masses have contrasting geochemical characteristics that allow
them to be identified (Bertler et al., 2004b). Thus, the location of the MES ice core site
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allows the meteorological regimes of the interior of Antarctica and the Ross Sea region
to be traced back through time in the same ice core record.

A 678 yr continuous record of ice core lithophile element concentrations from this
site is shown to provide a proxy for katabatic wind speeds, which were stronger
prior to 1850 than at any ensuing time. Furthermore, by linking the katabatic wind
proxy with d-excess, which is associated with the incursion of marine air masses, and
methylsulphonate (MS™), a tracer of marine primary productivity, we demonstrate that
stronger katabatic winds caused a larger or more persistent Ross Sea Polynya between
1590 and 1875.

2 Methodology
2.1 Study site

MES is a local snow accumulation zone situated between Mt. Erebus and Mt. Terra
Nova on Ross Island at an altitude of 1600m (Fig. 1) (77°30.90’ S, 167°40.59'E). Ice
flows from the saddle towards NNW and SSE directions. Ground penetrating radar
reconnaissance indicated a depth to bedrock of 220 m and imaged parallel isochrones,
suggesting favourable glaciological conditions for the preservation of a continuous,
annually-resolved ice core record. A 168 m deep ice core was drilled in the central
zone of minimum ice flow in December 2006. Annual temperature at the site, ascer-
tained from firn temperature logging, is —25.6 °C. The depth-density profile generated
from density measurements conducted in the field is well explained by the densifica-
tion model of Herron and Langway (1980) using a critical density of 550 kg m~ and an
initial density of 370kg m~3. The accumulation rate, calculated from the annual layer
count, is 0.22m (H,O equiv.)yr‘1.
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2.2 Core processing

Here we present data from the uppermost 120 m of the MES ice core, which was pro-
cessed for chemical analysis using a continuous-melter-discrete sampling system (Os-
terberg et al., 2006) at the New Zealand Ice Core Laboratory, GNS Science. Samples
obtained from the pristine interior of the core were suitable for analysis by ion chro-
matography (IC) and inductively coupled plasma mass spectrometry (ICP-MS). Stable
isotope ratios (6180 and 6D) were determined on samples from corresponding depths
obtained from the outer section of core. Between the top of the core and 66 m depth
the mean sampling resolution was 43 samples m~" and between 66 and 120m depth
the mean sampling resolution was increased to 61 samples m~'. To improve process-
ing efficiency an alteration to the continuous-melter-discrete sampling system enabled
material for ICP-MS to be sampled at half the depth resolution (30.5 samples m'1) be-
tween 77 and 120 m.

All vials used to sample material intended for IC or ICP-MS analysis were rigorously
cleaned to prevent chemical contamination. The polypropylene vials used for IC sam-
ples were triple-rinsed with ultra-pure water (>18.2MQ), soaked for three days and
triple-rinsed again. The polypropylene vials used for ICP-MS samples were first triple-
rinsed with ultra-pure water then soaked in 5wt. % analytical reagent grade HNO4 for
a minimum of 10 days, triple-rinsed, soaked in ultra-pure water for a minimum of 3 days
and triple-rinsed with ultra-pure water.

Procedural blanks were used to monitor the potential contribution of the processing
and sampling procedures to the concentrations of chemical species measured, and
were generated from mock ice cores of frozen ultra-pure water (>18.2 MQ), which were
processed, melted and sampled daily by the methods described above. The chemical
concentrations recorded in the procedural blanks (Table 1) are negligible compared to
the variability in concentration exhibited in the ice core record. The significant con-
centrations of Ca and Zr recorded in the procedural blanks originate from ceramic
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knives used to prepare the ice core for melting and therefore these elements were not
considered during interpretation.

2.3 Analytical methods
2.3.1 Stable isotope ratios

The stable isotope ratios 6'®0 and 6D (where 6180:([(180/160)Samp,e/(180/

"°0)y-smow]-1)-1000 and 8D=([(*H/"H)sampie/(*H/ 'H)y-smow]—1)-1000) were mea-
sured at the Stable Isotope Laboratory, GNS Science. Samples from the first 91 m
depth of ice core were analysed with a GVI Isoprime mass spectrometer by methods
reported previously (Bertler et al., 2011). The analytical precision on this instrument
was +0.1%. for 620 and +1.0%. for 6D, resulting in an uncertainty of +1.3%. on
the second order parameter deuterium excess (d-excess = 6D—8-6180, Dansgaard,
1964).

Samples from 92 to 120m depth (1329-1628) were analysed using a Los Gatos
Research Liquid-Water Isotope Analyser which simultaneously measures 5'®0 and
6D by laser absorption spectroscopy. 580 and 6D were reported with respect to V-
SMOW and normalised to internal standards: INS9 with reported values of —17.4 %o
for 6180 and, —131.0%. for 6D, and INS11 with reported values of —0.4 %. for 580
and, —4.6 %. for 6D. The analytical precision on this instrument was +0.2 %o for 5'%0
and +0.6 %o for 6D, resulting in an uncertainty of £1.7 %o on d-excess.

Comparison of stable isotope ratios of a batch of samples measured by mass spec-
trometery and by laser spectroscopy identified a systematic offset between the values
determined by the two techniques. The stable isotope ratios of MES ice core samples
measured by laser spectroscopy were therefore corrected for this offset. Details of this
correction are provided in Appendix A. A revised analytical uncertainty for d-excess,
which takes into account the errors on both instruments, is calculated as +2.1 %eo.
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2.3.2 lon chromatographic analysis of major ions

lon chromatography analysis for major ions (Na*, Mg®*, Ca®*, MS™, CI”, NOg, SOi')
was conducted at the Climate Change Institute, University of Maine. Anions were
measured using a Dionex AS-18 column, 400 pl sample loop with a KOH eluent con-
centration of 35mM. Cations were measured using a Dionex CS-12A column and
a 500 pl loop with 25 mM methanesulphonic acid eluent. Calibration using five stan-
dards bracketing the anticipated concentration range routinely achieved correlation co-
efficients of A > 0.99 for all analytes. An external reference material ION-92 (Environ-
ment Canada) was analysed at dilutions of 100 and 1000 times to verify the calibration.
Na*, Mg?*, Ca®*, MS™, CI” and SOi' measurements are accurate to within 5%. The

reproducibility, calculated as 2-RSD (relative standard deviation) of Na*, Mg?*, Ca®*
and MS™ measurements is <11 % and <4 % for CI~ and SOi'. NO; is not detectable
in ION-92.

2.3.3 Inductively coupled plasma mass spectrometric analysis of trace
elements

Ice core samples were analysed for concentrations of major, minor and trace elements
(Na, Mg, Al, Ca, Ti, V, Mn, As, Rb, Sr, Y, Zr, Cs, Ba, La, Ce, Pr, Tl, Pb, Bi, Th, U)
by ICP-MS (Agilent 7500cs Series) in the Geochemistry Laboratory of the School of
Geography, Environment and Earth Sciences, Victoria University of Wellington. The
operating conditions adopted for ICP-MS analysis are displayed in Table 2. An ASX-
520 micro-volume autosampler linked to the ICP-MS introduced sample to the PFA
Teflon nebuliser (0.2 ml min~" flow rate) via a peristaltic pump. The formation of oxides
in the plasma was monitored by aspirating a 1 ppb solution of Ce and tuning parameters
were adjusted to maintain the proportion of the 1%0Ge converted to *°Ce'®0 at <2 %.
The sampling and skimmer cones were cleaned, and the sample introduction system
was circulated with 5wt. % HNO; (Seastar) for 1 h prior to each analytical session to
reduce any possible memory effect from the samples of previous users.
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Calibration standards were gravimetrically diluted daily from stock standards made
up from mono-elemental 1000 ppm standards. The element concentrations in the cal-
ibration standards varied according to the relative concentrations expected in the ice
core samples. Additional tuning was required to calibrate measurements conducted
by the two different detector types (pulse and analog) on elements which recorded
>1000 000 counts s~ (Na, Mg and Al).

Samples were stored frozen prior to analysis, then thawed, and acidified to 1 wt. %
HNO5 with 68 wt. % HNO3(Seastar) at least 12 h prior to analysis. Counts recorded on
1 wt. % HNO; blanks were subtracted from those recorded on samples and standards
to correct for background. Detection limits are calculated as 3o on the blank measure-
ments (Table 1). The calibration standards were run as bracketing standards every 12
samples to correct for instrumental drift. An external reference material, SLRS-4 (Na-
tional Research Council, Canada), was run at 10 times dilution during each analytical
session to test the accuracy and reproducibility of the measurements (Table 3).

2.3.4 Tritium analysis

Six ice core samples from a depth range of 11 to 21.3 m were measured directly without
prior tritium enrichment by ultra-low-level liquid scintillation spectrometry (Quantulus™)
in a monitored tritium-free environment. The water samples were purified in a vac-
uum distillation system to exclude tritium contamination. Details of the tritium analysis
procedure are described in Morgenstern and Taylor (2009).

3 Dating

The MES ice core was dated by annual layer counting of stable isotopic and chemical
concentration signals, using key reference horizons as age tie points. A glacial flow
model was used to constrain the age model below the depth of the final age tie point.
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3.1 Annual layer counting

A snow pit sampled at MES 2 yr prior to drilling of the ice core was dated by identifying
annual peaks in 5'80 for the time period 2000 to 2005 (Rhodes et al., 2009). The
equivalent section of the 580 record was located in the ice core to facilitate dating
of the uppermost section. The annual signals of 580 and 6D were well-preserved in
the top 25m of the ice core and maximum values were identified as mid-summer (1
January). NO; displayed a well-defined annual signal with maximum values in winter-
spring, possibly the result of production in stratospheric clouds (Michalski et al., 2005).

Molecular diffusion in the firn pore space resulted in significant smoothing of the
annual 6'®0 and 6D cycles deeper down the core (Johnsen, 1977; Johnsen et al.,
2000). The 5'80 and 6D time series were therefore deconvolved/back-diffused to
obtain the original high frequency signal (Johnsen, 1977; Johnsen et al., 2000). The
back-diffused time series of §'20 and 6D were used to identify annual layers in the ice
core to 90 m depth (1643).

3.2 Age tie points

A peak in levels of the radioactive hydrogen isotope tritium (3H), related to thermonu-
clear bomb testing, provides an age tie point for the age model. Elevated tritium con-
tents were determined in the MES ice core between 1964 and 1972, in line with tritium
contents measured in snow pits on the Ross Ice Shelf and at Halley Bay, Antarctic
Peninsula, and in New Zealand precipitation (Fig. 2). MES tritium contents are lower
than those of the other Antarctic locations plotted but are similar to those measured on
Law Dome material (unpublished data, not shown). This may be the result of the strong
marine cyclonic influence at both MES (Sinclair et al., 2010) and Law Dome (McMor-
row et al., 2002), which dilutes the stratospheric tritium signal. The initial annual layer
was not adjusted to fit to this age tie point.

Positive identification of volcanic nss (non-sea salt) SOi' deposition in the MES
ice core for dating purposes (e.g., Traufetter et al., 2004) is challenging because the
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nssSOi‘ signal is dominated by biogenic nssSOi‘ from the seasonally open ocean.
As an alternative, we examined the deposition history of heavy, volatile trace elements,
which are emitted by volcanoes (Hinkley et al., 1994) and may be deposited on ice
sheets (Kaspari et al., 2007; Kellerhals et al., 2010). In the MES ice core, Pb, Bi and
Tl are all strongly enriched relative to terrestrial element concentrations in at least 8
consecutive samples between 60.5 and 61.1 m depth (Fig. 3a). The initial annual layer
count suggested that this signal could be deposition from the eruption of Mt. Tambora,
Indonesia in April 1815 (Simkin and Siebert, 1994). However, Vallelonga et al. (2003)
attributed elevated Pb and Bi concentrations in a Law Dome ice core (Fig. 1a) at this
time to emissions from Mt. Erebus, on the basis of Pb isotopic signatures. As MES is
located adjacent to Mt. Erebus it is plausible that the trace element record of the MES
ice core may record the eruption history of Mt. Erebus rather than that of global-scale
stratospheric eruptions. In order to test this hypothesis, trace element ratios measured
across the Pb, Tl and Bi peaks were compared to trace element ratios measured in
the plume of Mt. Erebus (Fig. 3b). None of the trace element ratios exhibit any marked
deviation from the median value of the ice core record (green line) during the proposed
Mt. Tambora eruption. This lends support to attribution of the Bi, Pb and Tl peaks at
61.1 m to the Mt. Tambora eruption. Moreover, the median values (Fig. 3b, green line)
of the trace element ratios across the MES ice core record are different from those of
the Mt. Erebus plume (Fig. 3b, purple line) providing evidence that the ice core trace
element budget is predominantly influenced by input from other sources.

Further support for the accuracy of the age model can be drawn from comparison
of Pb concentrations determined in the MES ice core with the history of anthropogenic
Pb contamination recorded in a high resolution ice core from Law Dome (Fig. 4). A rise
in Pb/Al is seen at 1893, within 5yr of the increase in Pb concentrations at Law Dome,
which is attributed to anthropogenic activity (Vallelonga et al., 2002).
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3.3 Glacial flow model and dating uncertainty

The glacial flow model of Dansgaard and Johnsen (1969), tuned to the Mt. Tambora
age tie point (1816, 61.1 m), defined the depth-age relationship below this depth. For
comparison, annual layer counting was continued until 90 m depth, after which it be-
came challenging to identify annual layers. The age difference between the annual
layer count and the glacial flow model at 90 m is 4 yr. Although these dating methods
are not independent, this difference provides an estimate of the cumulative dating error
at 90 m depth. The offset between the age suggested by the initial annual layer count
and the date of deposition from Mt. Tambora was 8 yr. As the initial layer count did not
need to be adjusted to match the 3H marker age tie point, dating is accurate to within
+1yr between 2006 and 1964.

4 Results
4.1 Stable isotopes

6D and 6'80 records of the MES ice core display well-developed seasonal cycles
(Fig. 5, 6D shown). 6D varies between a mean summer (1 January, fixed by dating)
maximum of —198 %. and a mean winter (1 July) minimum of —224 %, in the 1970—
2006 time period (Fig. 5). The 6D and d-excess time series show different interannual
variability (Fig. 6) and regression of their annual mean or maximum values produces
no significant correlation.

In the long term record of MES ice core 6D the only deviations below the 1950—
2006 mean value of >4yr duration occur prior to 1850 (Fig. 7). The most notable
of these low 6D periods are 1368-1417, 1565—-1600, 1650-1682, 1752—-1763 and
1831-1843. The mean 6D of the pre-1850 period is 7.0%. lower than that of the
post-1850 record (Table 4). In contrast, the d-excess record of the MES ice core is
dominated by an abrupt shift towards a consistently elevated d-excess state at 1590.
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The mean d-excess value of the 1590-1875 time period is 5.2 %. higher than that of the
preceeding time period (1329-1590) and 1.3 %. higher than the following time period
(Table 4). Between 1590 and 1875 the d-excess 5 yr running mean only deviates below
the 1950—2006 mean once, at ca. 1795.

4.2 Major ion and trace element chemistry

A Pearson’s correlation shows the degree of co-variability between the concentrations
of the elements determined by ICP-MS (Tables 5 and 6). Na, Mg and Sr are highly
correlated (R2 >0.86, p <0.01) in the MES ice core record. Concentration ratios of
these elements correspond to the seawater concentration ratios, indicating a marine
source. In the following, we focus on the Na record but consideration of the Mg or
Sr record would produce similar results. Annual maximum Na concentrations (92 ppb
mean) generally occur in summer, coincident with the annual peaks in 6D (Fig. 5).
The Na record exhibits significant interannual variability (Fig. 6) and concentrations
range from 2 to 506 ppb in the 1950-2006 record (Table 4). Over the past 678 yr, Na
concentrations remained relatively constant with no abrupt changes (Fig. 7). However,
the mean Na concentration increased by 9 % (Table 4) after the abrupt positive shift in
d-excess observed at 1590.

Al, Ti, Mn, Rb, Y, La and Ce concentrations all inter-correlate at R?>0.5 (p<0.01)
and display similar temporal variability between 1970 and 2006 (Fig. 6). This group of
elements is hereafter referred to as “lithophile elements”. Pb is only weakly correlated
(l-?2 < 0.2) with the lithophile elements because substantial anthropogenic input occurs
during the time period considered (Fig. 4). Cs, Pr, Tl, Bi, Th and U were excluded from
the correlation because they frequently were below the ICP-MS detection limit.

Concentrations of lithophile elements peak during autumn and winter months (Fig. 5,
Al and Mn shown), the opposite signal to the seasonal cycles of marine elements and
6D. The Al mean seasonal cycle of 1970-2006 shows a 45 % higher concentration in
winter relative to summer. However, the records show significant interannual variability
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in timing and magnitude of inputs (Fig. 6), and concentrations range between <0.1 and
7 ppb (Table 4).

Lithophile element concentrations were significantly higher prior to 1850 compared to
post-1850 (Fig. 7); the mean concentrations of Al, Mn and Ce are all >60 % higher (Ta-
ble 4). Furthermore, significant variability between the behaviour of different lithophile
elements, not observable in the record of the last 35yr (Fig. 6), can be discerned in
the long term record (Fig. 7). For example, the mean Ce concentrations decreased by
74 % after 1850 whilst mean Mn concentration decreased by only 38 %. The lithophile
elements can be categorised by the extent of inter-correlation in the pre-1850 period
(Table 6). Three discrete groups are identifiable: R? values of >0.52 are produced
between Al, Ti and Pb, R? > 0.63 between Mn and Rb, and R?>0.92 between Y, La,
and Ce. Figures 6 and 7 both display the concentration record of one element from
each of these groups.

Methylsulphonate concentrations in the MES ice core are available for the section
of record dating from 1797 to 2006 and vary between 1 and 187 ppb about a mean
of 54 ppb (Fig. 8). A period of significantly higher concentrations is identifiable be-
tween 1825 and 1875. The mean concentration of this period is 81 % higher than that
recorded between 1876 and 2006.

5 Discussion
5.1 Climate proxies

Stable isotopic ratios (6D and 6180) in ice cores are well-established proxies of air
temperature (Craig, 1961; Dansgaard, 1964). However, for the MES ice core record
direct calibration of the stable isotopic paleothermometer is challenging because the
effects of the extreme topography of Ross Island are not well represented in gridded
reanalysis datasets and weather conditions at MES are significantly different to those
of nearby weather stations.
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To interpret the marine chemistry record it is necessary to examine the source(s) of
the aerosol and transport mechanism(s) involved. Marine aerosol may be produced
by either bubble bursting over the open ocean or sourced from salts (principally mirib-
alite Na,SO, - 10H,0) deposited as frost flowers that are entrained from the sea ice
surface. These two mechanisms result in aerosol with differing NaVSOi‘ values. The

Na*/SOi‘ of MES ice core samples is consistently lower than that of seawater (Fig. 9).
This confirms that marine aerosol at MES is sourced from open water rather than frost
flowers, which would result in SOi‘ depletion relative to Na™ (Rankin et al., 2004). The
timing of marine aerosol deposition during the summer months (Fig. 5) of minimum sea
ice extent is also suggestive of an open water source. Additionally, there is evidence
that Na is entrained from the open water of the Ross Sea Polynya. During 2002/2003,
Na concentrations are anomalously low (<20 ppb) (Fig. 6, second area of green shad-
ing) and this can be attributed to the severely reduced area of the Ross Sea Polynya
in the summer of this year when large icebergs prevented sea ice breakout (Arrigo and
van Dijken, 2003b; Rhodes et al., 2009).

Na and d-excess show similar interannual trends in the 1970-2006 record. 90 %
of d-excess peaks greater than the long term mean have corresponding peaks in Na
(Fig. 6, grey shaded bars). Furthermore, the maximum summer values of Na and d-
excess between 1970 and 2006 are significantly correlated (R2 =0.58, p<0.01) sug-
gesting a common source. Deuterium excess is thought to be controlled by conditions
at the moisture source, which are principally relative humidity, sea surface temperature
(SST) and wind speed (Merlivat and Jouzel, 1979; Petit et al., 1991), but is also con-
trolled by the degree of super-saturation during snow flake formation and is therefore
related to cloud temperature (Jouzel and Merlivat, 1984). As a result, detailed delin-
eation of potential oceanic moisture source regions, coupled with isotopic modeling,
is required to thoroughly understand the origin of the MES d-excess signal. However,
we have established that more positive d-excess values are associated with inputs
of marine aerosol sourced from open water. Therefore, we speculate that high d-
excess values are related to increased cyclonic activity in the Ross Sea region, which
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promotes marine aerosol generation by bubble bursting (Kreutz et al., 2000). In sup-
port of this, back-trajectory analysis conducted for an ice core site close to the Byrd
Glacier (Fig. 1b) found a statistically significant positive relationship between d-excess
and the frequency of oceanic cyclone systems (Markle, 2011).

Lithophile element concentrations reflect the level of mineral dust present in ice core
samples (Petit et al., 1981). With several areas of outcropping rock located within
160 km of MES in the Dry Valleys and along the Transantarctic Mountains (Fig. 1), it
can be assumed that the variability of lithophile element concentrations in the MES ice
core is primarily controlled by input from these, local (100s of km distance away), rather
than global (1000s of km distance away), dust sources (Ayling and McGowan, 2006;
Dunbar et al., 2009). We do not attempt to relate the lithophile element signatures
recorded in the ice core to the various dust lithologies of the region as previous work
has shown this does not provide a reliable indicator of provenance (Rhodes et al.,
2011). Rather, the lack of perfect positive correlation between Al, Ti, Mn, Rb, Y, La
and Ce is likely to reflect mineral-specific differential rates of weathering and transport
efficiency (Caquineau et al., 1998; Reimann and De Caritat, 2000), and incongruent
leaching of trace elements from mineral dusts in acidified samples (Rhodes et al.,
2011).

Increased lithophile element concentrations during the autumn and winter months
(Fig. 5) indicate that strong (>35m s~ at Scott Base, data available at www.cliflo.niwa.
co.nz) katabatic winds originating from the continental interior are required to transport
additional local mineral dust material to MES. It is also important to note that the op-
posite seasonal cycle of lithophile and marine element concentrations at MES (Fig. 5)
supports the assignment of two different meteorological systems, katabatic winds and
marine cyclones, respectively, as transport mechanisms for these chemical species.

To further investigate the relationship between the concentrations of lithophile ele-
ments measured in the MES ice core and katabatic winds, we correlate the ice core
data with NCEP/NCAR reanalysis meridional wind strength (Kalnay et al., 1996). In
this region of Antarctica, the meridional (south to north) component of the wind field is
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an approximation of katabatic wind flow (Fig. 10). No significant correlation between
wind speed and lithophile element concentration could be achieved for the entire time
period for which reliable Antarctic NCEP/NCAR data are available (1979-2006). How-
ever, when individual decades are studied, a significant correlation with the MES Al
concentration is observed for the 1990-2000 time period (Fig. 10). In contrast to the
1980s, the 1990s were characterised by a relatively strong teleconnection between the
El Nio Southern Oscillation and Antarctica (Fogt and Bromwich, 2006). This led to
enhanced katabatic flow speeds in the Ross Sea region (Bertler et al., 2004a), and a
stronger signal in the MES katabatic wind proxy. The area of significant correlation in-
cludes the Transantarctic Mountains to the south of MES, a source region for katabatic
winds to the site, which further confirms katabatic flow as the mechanism for mineral
dust transport to MES.

5.2 Little Ice Age climate

The LIA record captured in the MES ice core (1329-1850) is characterised by elevated
lithophile element concentrations (Fig. 7, Table 4). The rapid decrease in lithophile
element concentrations between 1850 and 1853 therefore suggests the LIA ceased at
this time. The ice core record dates back to 1329 and there is no significant change in
the record to indicate that the onset of the LIA is captured. A frequently cited date for
the onset of the LIA in the Northern Hemisphere is 1450 (Grove, 1988) but estimates
vary; an ice core record from the Antarctic Dry Valleys (Bertler et al., 2011), and a tree
ring climate reconstruction from South America (Villalba, 1994) have suggested the
onset was ca. 150 yr earlier in the Southern Hemisphere.

As lithophile element concentrations in the MES ice core record are proxies for kata-
batic wind strength, the elevated concentrations suggest greater katabatic wind ac-
tivity during the LIA. Formulating an approximation of how much stronger katabatic
winds were is challenging, principally because the relationship between dust entrain-
ment and wind speed is not linear (Bagnold, 1941; Pye, 1987; Schulz et al., 1998).
However, as the elevated lithophile element concentrations of the LIA are not repeated
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in the post-1850 ice core record, we can assume that wind speeds did not reach such
strength again. At Scott Base the maximum daily gust speed recorded since 1972 was
57.7ms” "' from due south, so we conclude that LIA maximum wind speeds must have
exceeded this value.

By examining the behaviour of the three groups of lithophile elements identified in
Sect. 4.2 and their links to mineralogy and wind speed, considerable climate variability
within the LIA is revealed. Al, Ti and Pb show increased mean concentrations (Ta-
ble 4) coupled with discrete periods of dramatic concentration increases of several or-
ders of magnitude during the LIA (Fig. 7). These elements are predominantly sourced
from complex silicate minerals, such as feldspars, which have relatively high densities
and are resistant to mechanical weathering meaning their grain size remains relatively
large. High density and grain size of particles increases the threshold wind velocity
for transport in suspension (Bagnold, 1941). The discrete periods of increased Al, Ti
and Pb concentrations therefore represent the most extreme wind speeds of the LIA
period. In contrast, the lithophile elements of the second group, Mn and Rb, which
show relatively muted concentration increases during the LIA, are common in Fe-Mn
oxyhydroxides and sheet silicate minerals, such as clays and micas, respectively. All
of these minerals have relatively low densities and are easily weathered, forming flake-
like particles of a low, uniform grain size. As a result a lower threshold wind velocity
is required to initate transport of these minerals in suspension (Bagnold, 1941). It can
therefore be assumed that Mn and Rb concentrations in the MES ice core do not reflect
maximum wind strength in the LIA. The third group of lithophile elements, consisting of
La, Ce and Y, show characteristics of both the other two groups. During discrete time
periods of the LIA, concentrations increase by an order of magnitude but the timings of
these extreme events do not always match that of the greatest increases in Al and Ti
(Fig. 7). Similarly to Mn, La, Ce and Y are abundant in ferromanganese oxyhydroxide
minerals but they are also common impurities in apatite.

The MES 6D record suggests that colder temperatures, as well as stronger winds,
than those experienced in the past 50yr prevailed during the LIA. The significant
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deviations in 6D below the 1950 to 2006 mean identified in Sect. 4.1 all date from
the LIA. Additionally, sustained cold temperatures appear to be linked to the strongest
katabatic flow events as the three most recent cold periods identified in the MES ice
core (1650—-1682, 1752—1763 and 1831-1843) occur synchronously with the strongest
wind events of the LIA, as recorded by the concentrations of Al (Fig. 7), Ti and Pb. In
the absence of representative weather station data with which to calculate a local § —
temperature slope, we employ the Taylor Dome & — borehole temperature calibration
of 4%. 6D/°C (Steig et al., 1998) to estimate the degree of cooling experienced at MES
during the LIA. Taylor Dome is also located in the Ross Sea region (Fig. 1a) and is
the most proximal ice core for which a local 6 — temperature slope has been estab-
lished. The difference between the mean 6D of the LIA and the post-LIA period is 7 %o
(Table 4), which equates to a mean cooling of 1.75°C during the LIA. This estimate
agrees with the ~2°C cooling reported for this time period at Victoria Lower Glacier in
the Northern McMurdo Dry Valleys (Fig. 1c) (Bertler et al., 2011).

Furthermore, the transition towards higher values of d-excess, which occurs at 1590
and the effects of which persist until 1875, coupled with an accompanying increase
in mean Na concentration, suggests that the intrusion of marine cyclones was more
frequent during this time. This may be linked to findings of Kreutz et al. (2000) who used
the Siple Dome Na record as a sea level pressure proxy and identified an alteration in
periodicity at ca. 1600 linked to deepening of the principal low pressure system off
West Antarctica.

5.3 Ross Sea Polynya in the Little Ice Age

Although the MS™ record of the MES ice core has limited temporal coverage it provides
a proxy record of Ross Sea Polynya area (Rhodes et al., 2009). The higher concen-
trations recorded between 1825 and 1875 indicate that the polynya area was greater
during this time. As variability in katabatic wind strength has been directly linked to
polynya size (Morales Maqueda et al., 2004), we conclude that the stronger katabatic
winds of the Little Ice Age caused this change in polynya size. Increased polynya
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area exerts a positive feedback on marine primary productivity (Arrigo and van Dijken,
2004). By extrapolating the linear relationship between MS™ concentration (x) and pri-
mary production rate (y) established by Rhodes et al. (2009) (y = 1.35x —3.41), we
calculate that between 1825 and 1875 primary productivity rates were approximately
80 % higher than the post-1875 level.

Diatom abundances from two sediment cores taken west of Ross Island reveal a pe-
riod of increased primary productivity between 1825 and 1880 (Leventer and Dunbar,
1988). This timing closely corresponds to the interval of higher MS™ concentrations
observable in the MES record (Fig. 8). A further, more prolonged, time period (1600—
1875) of increased open water diatom populations is identified in a four sediment cores
retrieved from the north and northwest of Ross Island (Leventer and Dunbar, 1988).
Taking into account dating errors, this corresponds remarkably well to the period of
high d-excess values recorded in the MES ice core (1590-1875) (Fig. 7).

Greater polynya extent and primary productivity appear to be linked to the increased
cyclonic activity identified in the MES ice core. For the katabatic winds that maintain
the polynya to propagate across the relatively flat Ross Ice Shelf a strong pressure
gradient is required and this is created by the presence of cyclonic systems (Bromwich
et al., 1993, 1992). We propose that the combination of colder temperatures and
increased cyclonic activity in the Ross Sea region led to stronger katabatic flows which
maintained a spatially larger and/or more temporally persistent polynya between 1590
and 1875. Supporting evidence for stronger katabatic winds across East Antarctica
during this interval of the LIA is found in an ice core micro-particle record from South
Pole (Mosley-Thompson, 1995).

In addition, we consider the possibility that greater polynya size in the LIA led to
increased rates of sea ice production, which amplified Antarctic Bottom Water forma-
tion in the Ross Sea. Furthermore, it is conceivable that the increased katabatic wind
strength recorded in the MES and South Pole ice cores affected the other wind-driven
polynyas around the Antarctic continent (Morales Maqueda et al., 2004). Increased
bottom water formation in Antarctic coastal polynyas may be the source of the increase
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in Southern Hemisphere bottom water formation during in the LIA identified by Broecker
et al. (1999). In combination with enhanced primary productivity, this would have re-
sulted in increased drawdown of atmospheric CO, into the ocean, contributing to the
6-8 ppm decrease in atmospheric CO, concentration observed in other Antarctic ice
cores between ca. 1600 and 1800 (Etheridge et al., 1996; Indermuhle et al., 1999).

6 Conclusions

Stable isotope, major ion and trace element chemistry records from the MES ice core
document the last 678 yr of climate in the Southwestern Ross Sea region of Antarc-
tica at sub-annual resolution. Dating of the record is accomplished by a combination
of annual layer counting and a glacial flow model, with the timing of anthropogenic
Pb deposition in Antarctica providing support for accuracy of the age model. Exami-
nation of the monthly resolution record of the last 35yr allowed climate proxies to be
developed. Lithophile elements concentrations are controlled by mineral dust transport
by katabatic winds whilst d-excess and marine element concentrations are related to
incursion of marine cyclones.

The MES ice core record suggests that the Ross Sea region experienced colder
temperatures (by ~1.75°C) and strong (>57ms‘1) katabatic winds during the LIA.
A decrease in lithophile elements concentrations between 1850 and 1853 indicates
a substantial reduction in katabatic wind strength and marks the termination of the LIA.
Furthermore, the d-excess and Na records provide evidence for a more frequent incur-
sion of marine cyclones into the Ross Sea between 1590 and 1875. The ice core MS™
record and diatom blooms recorded in sediment cores (Leventer and Dunbar, 1988)
indicate that marine primary productivity was increased during this time, indicating that
polynya area was greater. Colder temperatures and increased cyclonic activity pro-
moted stronger katabatic winds across the Ross Ice Shelf, causing sea ice divergence
and creating a greater polynya area in the Ross Sea.
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We hypothesize that increased sea ice formation resulting from greater polynya ex-
tent caused increased rates of bottom water formation at this time. Change in the
thermohaline circulation of the oceans could therefore be a response to, rather than
the initial driver of, climate change at the LIA.

Appendix A

Comparison between mass spectrometer and laser spectroscopy 6D and
50 measurements

To test the comparability of measurements conducted by mass spectrometer and by
laser spectroscopy a batch of samples (n = 187) was analysed by both instruments.
Comparison of the stable isotope ratios measured on the two instruments identified
offsets between the datasets, most notably for 6D (Fig. A1). The offsets between
the 6D and 6'%0 values produced a significant offset between the calculated val-
ues of d-excess (Fig. A2). For several samples tested, the difference between the
d-excess derived from the GVI mass spectrometer and that derived from the LGR
Liquid-Water Isotope Analyser data is greater than the analytical uncertainty. There-
fore, the 6D and 6'20 values measured on the LGR Liquid-Water Isotope Analyser
(6D4ser) Were corrected to make them comparable to the GVI mass spectrometer val-
ues (6Dpass spec. equiv.) Using the linear relationships established by analysing samples
on both instruments (e.g. Fig. A1).

ODnass spec. equiv. =6Dlaser/0-9809 +1.6576
6180mass spec. equiv. =6180|aser/1 .0034-0.1577
Deuterium excess values were then calculated from the corrected 6D and 6'80

datasets. A revised analytical uncertainty (v) for d-excess, which takes into account
the errors on both instruments, is calculated as: This value is applied when the entire
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record encompassing stable isotope ratios measured by both instruments is consid-
ered. The 6D and d-excess records of the MES ice core before and after the above
corrections were applied are displayed in Fig. A3.
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Table 1. Procedural blank concentrations and detection limits (30 on blank) of elements de-
termined by ICP-MS (ppt = parts per trillion) and major ions determined by IC (ppb = parts per

billion).

Element/major ion

Procedural blank  Detection limit

8,215-262, 2012

Little Ice Age climate
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R. H. Rhodes et al.

Na 1120 167
Mg 290 5.02
Al 560 9.72
Ca 6890 1271
Ti 785 225
% 0.70 0.83
Mn 10.9 3.22
As 0.29 6.73
Rb 0.47 0.31
Sr 450 0.31
Y 0.50 0.10
zr 3.05 0.58
Cs 0.05 0.18
Ba 5.28 0.32
La 0.66 0.14
Ce 1.42 0.19
Pr 0.17 0.19
Tl 0.00 0.44
Pb 4.67 0.72
Bi 0.09 0.43
Th 0.07 0.45
U 0.04 0.40
Na* 0.34 0.16
Mg?* 0.66 0.51
K* 0.10 0.33
Ca? 20.3 0.08
MS™ 0.00 0.32
cr 26.6 0.76
SO%” 12.8 0.43
NO, 6.27 0.35
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Table 2. Operating conditions of the ICP-MS and data acquisition parameters for the determi-

nation of selected elements in MES ice core samples. Little Ice Age climate

Parameter Setting

Forward power 1500 W

RF matching 1.75-1.84V
Carrier gas 1.04-1.101min™"
Makeup gas 0lmin~"
Nebulizer pump 0.12-0.16rps
Spray chamber temperature 2°C

Sampling depth 7mm

Torch position
lon lenses voltages

Isotopes measured
Uptake and stabilization time
Washing time between samples

Integration time
No. of runs and scan passes

Optimised daily to maximise sensitivity
Optimised daily to maximise sensitivity and
signal stability across mass range

23Na, 24Mg, 27A|, 43C8, 47Ti, 51V, SSMI’], 75AS,
SSRb, BSSI’, 89Y, gOZI’, 13305, 13888, 139La,
14006, 141 Pr, 205-|—|’ 208Pb, ZOQBi’ 232Th, 238U
50 and 60s

10s H,0, 200 s 5wt. % HNO; (Seastar),
220s 1 wt. % HNO; (total 430 s)

0.10 or 0.15s depending on element

3x26
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Table 3. Element concentrations (ppt) determined by repeated measurement of SLRS-4 river-
ine water standard (n = 82) with precision and accuracy of measurements.
8, 215262, 2012

Element This study Certified values  Precision 2-RSD® (%) Accuracy (% difference)

Naz 2289+ 80 2400+£200 3.5 4.6 Little Ice Age climate
+ + . . A

Cca® 61324546 6200200 8.9 1.1 a °°"g't'°r;_\s ‘t’f tht'_a

Mn? 356+014  3.37+0.18 4.0 5.5 SRR g Ll

Ba® 13.0+0.44 1222406 3.4 6.4

Ti 1587 +152 1460 + 80 9.6 8.7 R. H. Rhodes et al.

Vv 382419 320430 5.1 19.3

As 757 £ 21 680 + 60 27 11.3

Rb 161659 1530450 3.7 5.6

Sr 29783+1269 2630043200 4.3 13.2

Y 14346 14648 40 2.0

Zr 139445 120+ 15 32.2 15.9

Cs 6.80£023  9x1 3.4 245

La 298+15 287 +8 5.1 3.9 _

Ce 375127 360412 73 41

Pr 834+106  69.3+18 12.6 20.4

Tl 7.96+2.31 6.8+1.3 29.0 17.0

o erenes el o 2 o] Fm

Bi 2.40+0.34 21+0.1 14.0 14.4 _ _

Th 215+19 1843 9.1 19.6

U 51.1+4.9 5043 9.6 2.3

& Concentrations in parts per billion (ppb). Full Screen / Esc

® RSD = relative standard deviation.
Certified values for SLRS-4 are GeoREM (Jochum et al., 2005) preferred values obtained from http://georem. Printer-friendly Version
mpch-mainz.gwdg.de.
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Table 4. Mean and range (in parentheses) of selected stable isotopic and chemistry parameters
within specified time intervals of the MES ice core record.
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6D (%o) d-excess (%o) Na (ppb) Al (ppb) Mn (ppt) Ce (ppt)

1950-2006 -211.6 7 76.5 1.33 61.9 4.0

(-254.1 to —-130.4) (0to 22) (2.15t0 506) (0.09to 7.06) (0 to 301) (0 to 24.3)
1850-2006 -209.0 8 95.7 1.64 55.7 41
(post-LIA)  (-255.0to —130.4) (010 22) (2.15t0853) (2.02t018.9) (0 to 472) (0 to 26.6)
1329-1850 -216.0 6 91.4 4.38 94.5 17.0
(LIA) (—269.2 to —147.3) (-4 to 21) (1.54t01170) (0.19to 141) (0to 1046) (0.21to 375)
1590-1875 -2147 9 96.2 5.20 93.4 16.9

(-269.2 to —-157.5) (1to21) (1.54t01170) (0.20to 141) (0to 1046) (0.10 to 374)
1329-1590 -216.7 4 87.8 3.47 91.1 15.8

(-256.7t0 -147.3)  (-4to14) (4.731t0557.6) (0.29t040.9) (2.8t0543) (0.6 to 362)
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Table 5.

Correlation coefficients for major,

significant at the 99 % level, n = 439.

minor and trace element concentrations
(12 samples yr‘1) during the 1970-2006 time period in MES ice core. All values shown are

8,215-262, 2012

Little Ice Age climate
and oceanic
conditions of the
Ross Sea, Antarctica

R. H. Rhodes et al.

R? Na Mg Al Ti \Y, Mn Rb Sr Y Ba La Ce Pb

Na 1

Mg 0.86 1

Al - 0.02 1

Ti - - 0.51 1

\Y 0.36 0.38 0.44 0.52 1

Mn - 0.02 075 055 0.39 1

Ro 0.15 0.15 061 0.58 0.73 0.47 1

Sr 090 090 0.06 0.06 050 0.06 0.27 1

Y - — 042 043 029 044 046 0.02 1

Ba - - 0.12 0.18 0.08 0.13 0.13 0.03 0.12 1

La - - 075 0.69 053 062 071 0.05 0.52 0.10 1

Ce - - 074 068 051 064 068 0.05 054 0.09 0.97 1

Pb - - 0.11 021 0.06 0.16 0.13 0.03 0.13 049 0.10 0.09 1
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Fig. 1. (A) Map of the Antarctic continent. Locations of major ice core sites are marked by solid
black circles and are labelled as follows: DC = EPICA Dome C, DM = EPICA Dronning Maud
Land, LD =Law Dome, SD = Siple Dome, SP =South Pole, SS = Siple Station, TD = Talos
Dome, TY = Taylor Dome. The dashed rectangle defines the area of map B. (B) Map of the
Ross Sea region bound by the East Antarctic Ice Sheet (EAIS) and the West Antarctic Ice
Sheet (WAIS). Approximate katabatic flow paths are indicated by grey arrows (modified after
Parish, 1988). The dashed rectangle defines the area of map C. (C) Map of McMurdo Sound
area. The location of Mt. Erebus Saddle (MES) is shown. Dark grey shading indicates areas of
exposed rock outcrop.
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Fig. 2. Tritium contents of six MES ice core samples plotted with tritium contents of precipitation
from the Ross Ice Shelf, Halley Bay, Antarctic Peninsula, and Kaitoke, New Zealand, decay-
corrected to December 2006. Error bars are 10. The detection limit for analysis without prior
enrichment is 2.5 TU. One tritium unit (TU) is defined as one atom of tritium per 10'® atoms of
hydrogen, equivalent to 0.118 becquerels (Bq) per litre of water.

251

Jaded uoissnasig

Jaded uoissnosi(

Jadedq uoissnosiq | Jaded uoissnosiq

uI
| II I

8,215-262, 2012

Little Ice Age climate
and oceanic
conditions of the
Ross Sea, Antarctica

R. H. Rhodes et al.

Title Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/215/2012/cpd-8-215-2012-print.pdf
http://www.clim-past-discuss.net/8/215/2012/cpd-8-215-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

Pb/Al

A Tambora A

v/

IV/IL

8,215-262, 2012

Little Ice Age climate
and oceanic
conditions of the
Ross Sea, Antarctica

059 B
0.4
z 823 | . \ R. H. Rhodes et al.
= i 4 A
e R A AN A
o:'I LV\AI\' 10
8
| . B
A ) Title Page
100 Eg .
3 28 Abstract Introduction
S 40
Z | PN e A .
> B -
04 O
MA | L Av NJ EM 2 '
POPIEY L AV NN SN : ¢
. M 1 v Wy v £
2.0
2 15 V\L \/}
0.5
OAI T T T T | T T T T | TRl ¥ I T T T T I T T T T | T T T T |
1805 1810 1815 1820 1825 1830 1835 _ _
Year AD
MES ice core median Mt Erebus plume

Fig. 3. (A) Bi, Pb and Tl concentrations normalised to Al (a terrestrial element) across the Mt.
Tambora eruption marker (grey shading). (B) Trace element ratio records from the MES core
for the same time period, plotted with values for the Mt. Erebus plume (purple line) (Zreda-
Gostynska et al., 1997) and the median values of the entire MES ice core record (green line).
Breaks in the record occur where the concentration of an element is below the ICP-MS detec-
tion limit. Information on Bi, Pb and TI content of the Mt. Erebus plume is not available.
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Fig. 4. Anthropogenic influence on Pb deposition at MES since 1840. All MES data plotted are
annual means to remove seasonal variability. A 5yr running mean is plotted through the MES
Pb concentration data (dashed line). MES Pb concentrations are also shown normalised to Al
to remove the influence of variable mineral dust contributions. Pb concentrations determined
at Law Dome are plotted for comparison (Vallelonga et al., 2002). Grey arrow indicates onset
of anthropogenic Pb pollution determined at Law Dome. All error bars are £20.
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Fig. 5. Mean seasonal cycles of 6D, d-excess, marine aerosol (Na) and lithophile elements
(Al and Mn) for 1970-2005. Two cycles are plotted to aid viewing. 6D has been back-diffused
to correct for changes in amplitude and phasing of seasonal cycles resulting from molecular
diffusion.
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Fig. 6. Stable isotope and chemistry data for the time period 1970-2006 of the MES ice core.
All the time series have been re-sampled to monthly resolution and a 3 month running mean
has then been applied to the Na, Al, Mn and Ce time series. 6D and d-excess are plotted
around 1970-2006 mean values. Representative analytical error bars (£20) are displayed
on selected points. 6D analytical error bars are too small to plot and the d-excess analytical
error is indicated. Shaded bars highlight d-excess values exceeding the 1970-2006 mean with
associated Na peaks (grey shading) and without associated Na peaks (green shading).
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Fig. 7. Stable isotope and chemistry records from the MES ice core re-sampled to
2samplesyr™'. 5yr smoothed time series are plotted in bold colours for all time series ex-
cept Al and Ce. 6D and d-excess are plotted around 1950-2006 mean values. The d-excess
analytical error applicable to the entire dataset is indicated. Al plot is clipped at 80 ppb and Mn
plot is clipped at 600 ppt. Timing of a diatom bloom reported by Leventer and Dunbar (1988) in
four sediment core records from the north-west of Ross Island in McMurdo Sound is indicated.
The gap in ICP-MS data is due to the removal of anomalously high chemistry concentrations
relating to a tephra layer in the ice core.
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Fig. 8. Deuterium excess and MS™ time series from MES ice core. MS™ is raw data smoothed
by 5-point running mean. Deuterium excess time series re-sampled to 28amplesyr_1 and
smoothed by 5 yr running mean (as Fig. 7). Timing of a diatom bloom reported by Leventer and
Dunbar (1988) in two sediment core records from McMurdo Sound, to the west of Ross Island,
is indicated. Representative analytical error bars (+20) are displayed on selected points. The
gap in the MS™ time series exists because some samples have not been analysed for MS™
concentration.
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Fig. 9. Scatterplot of Na*versus SOi‘ concentrations of all MES samples measured by IC
(surface-65.8 m; 1793—2006). Black line is the Na*/SOi_ of seawater and all samples, except
one, plot below this line. Na*/SOi' values indicate Na™ is sourced from the open ocean.
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Fig. 10. (A) NCEP/NCAR reanalysis 850 mb meridional wind composite mean for the winter
months (JJA) of 1979—-2006 across the Ross Sea region (90-70° S, 150-220° E). White dashed
line defines the source region of meridional winds arriving at MES. (B) Spatial correlation pat-
tern between meridional wind (850 mb) and MES Al concentration record for the winter months
(JJA) of 1990-2000 across the Ross Sea region. White dashes outline region of significant
correlation (p < 0.025, n=10).
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Fig. A1. 6D measured on GVI mass spectrometer and LGR Liquid-Water Isotope Analyser Full Screen / Esc
(Laser). Error bars are 20.
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Fig. A2. Deuterium excess derived from 180 and 6D values measured on GVI mass spec-
trometer and LGR Liquid-Water Isotope Analyser (Laser). Error bars are analytical uncertainty
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Fig. A3. Stable isotope records of the MES ice core (A) before, and (B) after, a correction
was applied to laser-measured data to account for the calibration difference between the mass
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