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Abstract

In recent decades the West Antarctic Ice Sheet has experienced warming and glacial retreat.
Despite receiving growing attention, knowledge of glacial dynamics in this region remains
limited. Snow accumulation data is sparse and fails to capture true spatial variability. A
shallow firn core, drilled at the triple ice divide between Pine Island Glacier, Institute Ice
Stream, and Rutford Ice Stream, was glaciochemically analysed. Oxygen and hydrogen stable
isotopes measured using Cavity Ringdown Spectroscopy exhibited seasonal oscillations. lon
concentrations measured with lon Chromatography likewise varied seasonally, with
maximum sodium, chloride and potassium concentrations in winter and maximum
methanesulfonate, sulphate and nitrate concentrations in summer. Despite melt damage to
the core during transport, it was possible to determine 18 annual layers and calculate an
average accumulation rate of around 25 cm water equivalent per year (minimum 10.11,
maximum 46.7 cm water equivalent). Analysis of a radargram from the site, with knowledge
of this accumulation rate, indicated that reflectance horizons were not annual and that radar
surveys with this frequency may not be suitable for gathering further snow accumulation
data. The findings suggest that this triple ice divide is suited to glaciochemistry studies and
that the retrieval of additional firn or ice cores, without melt influence, could contribute
valuable data regarding the West Antarctic.
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1. Introduction.

The vast ice sheets of Antarctica are inherently influential. In the past, changes in ice sheets have had
a significant influence on, and have been profoundly impacted by, global climate and ocean
processes. Understanding their current dynamics is important to anticipating future instability and
the potential for rapid change. It is of particular importance in the context of a changing climate.

The West Antarctic Ice Sheet (WAIS) has undergone significant retreat since the 1990s. It is
theoretically unstable (Rignot et al. 2014) and any further ice sheet disintegration could pose
significant implications for atmospheric, oceanic and cryospheric processes regionally and globally,
including a rise in global sea levels. Since the 1950s, the West Antarctic has also been one of the most
rapidly warming locations worldwide (Bromwich et al. 2012).

Despite receiving a lot of attention, knowledge of the WAIS remains limited. Computer models do
not yet have the capacity to accurately simulate the ice sheet process so predictions of future rates
of instability and retreat remain uncertain. It is beyond doubt that further research into the WAIS,
including studies into snow accumulation rates and variability, is needed.

1.1 The West Antarctic Ice Sheet.

The WAIS is the continental ice sheet to the west of the Transantarctic Mountains, as shown in Figure
1. The WAIS contains around 10% of the ice volume of Antarctica, approximately 2.7 Million km? of
ice, which equates to over three metres of eustatic sea level rise if melted (Bamber et al 2009,
Fretwell et al. 2013, Joughin & Alley 2011, Park et al. 2012). For this reason, if no other, it is of
interest to understand more about the ice sheet.
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The WAIS is classified as a marine-based retrograde ice sheet and is theoretically unstable (Bamber et
al. 2009, Joughin & Alley 2011, Rignot et al. 2014). For more detail, see Box 1. A relatively small
retreat could result in (gradual) ice sheet disintegration through a positive feedback between the
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grounding line retreat and increased ice discharge (Gladstone et al. 2012, Wilkens et al. 2014). The
coastal ice shelves which buttress the WAIS are vulnerable to the impact of changes in atmosphere
and ocean temperature (Docquier et al. 2014, Dutrieux et al 2014, Joughin & Alley 2011). Due to this
instability and its considerable ice volume, the WAIS has been identified as a possible tipping
element, or threshold point, in larger-scale geophysical systems.

-

Box 1
Ice sheet
2 Figure 2: Simplified cross-section diagram
T b\ of the WAIS coastal morphology. Gold
Ll I Ice shelf Calving arrow indicates the downward slope of
Grounding Sea-level the subglacial topography. The red dash

line

line shows the sea level, demonstrating
the marine-based nature of the ice sheet
(modified from Hanna et al. 2013)

The WAIS sits on a bedrock which is mostly below sea level, making it the last significant marine-
based ice sheet remaining since the Last Glacial Maximum (Docquier et al. 2014, Vaughan 2008).
The subglacial topography is bowl-like, sloping downwards from the coast to the continental
interior, and is subsequently classified as retrograde (Vaughan 2008, Wilkens et al. 2014). The ice
sheet is anchored to the underlying bed primarily as a result of being too thick to float, and is
hence intrinsically unstable (Vaughan 2008). This concept is explained in Figure 2, above.

The availability of remote sensing imagery has confirmed changes in the WAIS. Satellite observations
have revealed significant and increasing rates of mass loss from the WAIS, believed to be primarily
due to thinning of coastal outlet glaciers into the Amundsen Sea over the past two decades (Docquier
et al. 2014, Joughin & Alley 2011, Rignot 2014). In support of this finding, mapping of the grounding
lines in the Amundsen Sea embayment, using radar interferometry, revealed major glacial changes in
the 1990s, which have subsequently been confirmed with satellite radar altimetry, laser altimetry,
feature tracking, ice thickness data and time-variable gravity (Rignot 2014, Mouginot et al 2013).
These studies have led researchers to conclude that sections of the ice sheet remain unstable, with a
lack of glacial bed obstacles to prevent further instability, and will contribute to sea level rise in the
near future (Rignot et al. 2014).

In 1978, John Mercer first presented the idea of climate change-induced collapse of the WAIS causing
worldwide catastrophe (Mercer 1978). Although the speed and magnitude of Mercer’s proposed
disintegration have been dismissed by many, in recent years the dynamics of the WAIS have again
attracted substantial interest in academia, and in popular media, as regional instabilities have been
realised (Vaughan 2008).



1.2 Triple ice divides.

Triple ice divides are the junctions at which three glacier divides meet. These locations, which often
occur at summits, exhibit complex ice structures and dynamics to which normal ice flow assumptions
and models cannot be applied (Hindmarsh et al. 2011). Improving our understanding of triple ice
divides would be of benefit to the research of each of the three glaciers involved and the research of
ice sheets more broadly. In recent years, ice-penetrating radar surveys of triple ice divides have been
used to obtain more information on the glaciomorphology of these sites, which may then feed into
ice flow models (Hindmarsh et al. 2011).

The triple ice divide of Pine Island Glacier, Institute Ice Stream and Rutford Ice Stream (PIR divide),
located at the base of the Ellsworth Mountains, is the focus of this study. See Figures 1 and 3.

Figure 3: Ice surface elevation map of the
WAIS with sectors and glaciers of interest
labelled, including the Pine Island Glacier,
Institute Ice Stream and Rutford Ice Stream.
The black star indicates the approximate
location of the PIR divide, the site for this
study. Based on map from Ross et al. 2011.
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Of the three PIR divide components, Pine Island Glacier (71°S, 100°W) is the most studied. It
constitutes a major outlet into the Amundsen Sea (USGS 2014a) and has exhibited considerable
acceleration, thinning and retreat in recent decades, leading it to be dubbed the ‘weak underbelly’ of
the WAIS (Dutrieux et al. 2014, Hughes 1981, Gladstone et al 2012, Johnson et al. 2014). These
recent changes have been attributed to an influx of warmer water under the ice shelf causing melting
at the head of the glacier (Dutrieux et al. 2014, Johnson et al. 2014, Park et al. 2013, Wilkens et al.
2014).

The Rutford Ice Stream (79°S, 81°W) is around 290 km long and 25 km wide and sits in a deep,
asymmetric, trough (Smith 1997, USGS 2014b). Refer to Box 2 for information on Ice Streams. Like
the Pine Island Glacier, the Rutford Ice Stream is an important outlet of the WAIS. It drains ice from
an area of high snow accumulation, around the Ellsworth Mountains, in a south east direction into
the Ronne Ice Shelf (Goldstein et al. 1993, Smith 1997, USGS 2014b). Studies have shown the surface
velocity of the Rutford Ice Stream to be highly variable, with variations of up to 20% on a fortnightly
basis (Gudmundsson 2006).



Box 2. Ice streams are ribbon-like glaciers which flow at a faster rate than the adjacent ice
(NSIDC 2014b). In Antarctica, ice streams are integral to the flow of ice from the interior,
draining as much as 90% of the ice sheet (Goldstein et al. 1993, Smith 1997). Quantifying and
understanding temporal variations in ice stream flows is necessary to estimating their past,
present and future contributions to ice loss, and hence the contribution of the Antarctic ice
sheets to global sea level changes (Gudmundsson 2006).

The Institute Ice Stream (82°S, 75°W) flows northwards into the Ronne Ice Shelf and is one of the
largest glaciers in Antarctica in terms of width and outflow (Scambos et al. 2004, USGS 2014c). It has
a significant role in draining the WAIS and understanding its behavior may be important to
understanding the WAIS stability more holistically (Rippin et al. 2014). The Institute Ice Stream is
susceptible to the influence of changes in the Pine Island Glacier drainage system.

Proximity of this triple ice divide to the Ellsworth Mountains, as indicated in Figure 3, is likely to
influence precipitation at the site and the Mountains may also be a source of aerosols from evaporite
dust (Dixon et al. 2005, Kuttel et al. 2012).

The PIR divide is also believed to be located over a subglacial lake. A study into the regions’ subglacial
lakes has shown them to be more dynamic than previously known and subject to quite rapid changes
which may influence the overlying ice sheets (Siegfried et al. 2014). There is still high uncertainty
surrounding the implications of subglacial lake changes on the stability of overlying ice.



2. Accumulation Rate.

2.1 Why investigate the accumulation rate?

Knowledge of modern snow accumulation rates on the WAIS is limited to a sparse array of snow pit
studies and instrumental measurements, which are generally confined to coastal regions and often
do not capture the complexity of accumulation processes (Thomas et al. 2009). Knowledge of
historic accumulation rates relies on a scarce - but growing - number of firn and ice cores (Siegert &
Payne 2004). Firn and ice cores are invaluable sources of information for understanding the climatic
trends of Antarctica, offering a wealth of palaeoclimate proxies, and can be measured across much of
the continent (Thomas et al. 2009). Cores can provide a useful, high resolution, record of localised
accumulation rates over century timescales which are used in the validation of climate and mass
balance models and satellite observations (Banta & McConnell 2007, Kreutz et al. 2000). Snow
accumulation is temporally and spatially variable, as explained in Box 3.

In western Antarctic, studies have concluded that global models tend to underestimate the
magnitude of accumulation, in the Pine Island Glacier region (Medley et al. 2013). Accurate snow
accumulation records from this region are paramount to improving models and understanding mass
balance of glaciers and ice sheets (Banta & McConnell 2007, Ding et al. 2011, Spikes et al. 2004).

Box 3. The annual snow accumulation rate is the mass of snow or ice added to, and retained at,
a given site per year (NSIDC 2014a). It is a function of gain through precipitation and snow drift,
and loss through ablation processes such as surface melt.

Factors influencing the temporal variability of accumulation rates at a given site include annual
changes in temperature, amount of precipitation, and the dynamics of poleward atmospheric
moisture transport (Kaspari et al. 2004, Kreutz et al. 2000). Changes in cyclonic systems (eg.
frequency, path, timing and strength) generally influence accumulation rates more than air
temperature (Kaspari et al. 2004).

The spatial variability of accumulation rates is influenced by topography, altitude, and distance
from moisture sources. Sites closest to the coast, or at lower altitudes, generally have the highest
accumulation rates and those further from the coast, or at higher altitudes, receive less
precipitation and have lower rates of accumulation (Kaspari et al. 2004, Kreutz et al. 2000).
Coastal topographic features, such as mountains and valleys, are important to channeling the
passage of moisture further inland.

2.2 Have others measured accumulation rates in western Antarctica?

Since the International Geophysical Year in 1957-58, research into the geophysical and
glaciochemical parameters of Antarctica has increased substantially (Legrand & Mulvaney 1997,
Vaughan 2008). Studies have sought to measure the accumulation rates of different sites based on
snow pits, stake measurements, shallow firn cores and ice cores. Examples of these studies are
provided in Table 1 and illustrate the substantial variability between sites.

Most results, but not all, conformed to the expected relationship between accumulation rate and
both altitude and distance from the coast. Contrastingly, Kreutz et al. (2000) analysed data from 17
snowpits and cores, sampled across two transects on the WAIS, and found accumulation rates at
three sites to show the opposite trend, illustrating the complexity of the responsible processes.



Table 1: Examples of previous accumulation rate measurements from Antarctica, sequenced by elevation. Grey shading
indicates the two sites with elevations closest to the PIR divide site. w.e.: water equivalent.

Site Altitude | Distance from cm yr'1 w.e. | Method Citation
(masl) open water (km)
Siple dome 620 385 1.8 Ice core Dixon et al. 2005
McCarthy Ridge 650 26 Firn core Stenni et al. 2000
East Dronning Maud Land |, 326 Ice core Suzuki et al. 2005
(H72)
Pine Island —Thwaites 1232 320 39.5 Ice core Kaspari et al. 2004
Drainage System, 01-6
Pine Island ~ Thwaites 1246 400 38.8 Ice core Kaspari et al. 2004
Drainage System, 01-5
Thwaites-Pine Island divide 1292 180 39 Firn core g(a)(c)zsmarsk etal.
Pine Island Glacier 1593 40.1 Ice core Pasteris et al. 2014
West Antarctic plateau -B 1603 14.8 Ice core Kreutz et al. 2000
Pine Island — Thwaites
1 7 2. | K i I. 2004
Drainage System, 01-3 633 370 32.5 ce core aspari et al. 200
Ice cores
! Ari i l.
James Ross Island 1640 40 snow pit ristarain et a
2004
samples
West Antarctic plateau A 1740 23.7 Ice core Kreutz et al. 2000
WAIS (ITASE 00-1) 1791 475 2.3 Ice core Dixon et al. 2005
Styx Glacier 1800 50 20.3 Firn core Stenni et al. 2000
Thwaites Glacier 2020 27.3 Ice core Pasteris et al. 2014
Taylor Dome 2365 6 Ice core Monnin et al. 2004
Stake
Lambert Glacier 2390 310 10.9 measuremen | Ding et al. 2011
ts
South pole 2850 1300 7.12 Snow pit Whitlow et al.
1992
South pole 2850 1300 8.2 Ice core Dixon et al. 2005.
EPICA 2900 500 7.7 Firn core Isaksson et al.
) 1996
Vostok 3488 2.1 Snow pits Ekaykin et al. 2002
Dronning Maud Land 3656 4.09 Snow pits Hoshina et al. 2014
Dome Fuji 3810 25 lce coresand | . 3 et al. 2004
snow pits
Dome Fuiji 3785 2.93 Snow pit Hoshina et al. 2014
Stake
Dome a 4093 1228 1.8-2.5 measuremen | Ding et al. 2011
ts
Ground
West Antarctic Plateau >400 14.4 penetr_atmg Spikes et al. 2004
radar, ice
cores




3. Determining annual layers.

To determine annual snow accumulation rates from firn and ice cores, one must identify annual
layers in the ice. There are various methods which can be used to establish the chronology of an ice
core, their relative suitability dependent on the specific site. Methods analyse seasonal
glaciochemistry cycles, stratigraphy, reference horizons, electrical conductivity measurements and
radionuclides (Legrand & Mayewski 1997).

Multi-parameter layer counting, using numerous, robust, proxies in parallel, can increase the
reliability of the chronology and account for possible errors in individual parameters (Anklin et al.
1998, Banta & McConnell 2007, Dansgaard et al. 1993, Legrand & Mayewski 1997, Schwikowski and
Eichler 2010, Winstrup et al. 2013).

3.1 Density.
Bepen . . . . .
Surface Density generally increases with depth in a glacier due to
0t — metamorphism driven by temperature gradients and the
0 pressure of ensuing layers of snowfall, which expels air
10:250m — g 0’06 and causes deformation, as shown in Figure 4. The
c g ;1{'\ density-depth profile of a glacier uninfluenced by melt
iT O
o =l |1 ,gf would therefore typically exhibit a gradual positive
Hom —  dra e . . . .
i~y |osegem® trend. Firn, which characterises the upper portion of
£8| N0 glaciers, as shown in Figure 4, is defined in Box 4.
; Q . L]
B IR
V.. .7 oggem’ Density may be impacted by ice lenses, which are
150m — e impermeable ice layers formed when surface melt

Ice occurs during the warmest part of the year and

Figure 4: Densification of snow with meltwater infiltrates the upper firn, refreezing and

depth. Image appropriated from . . .
pth. image approp f forming an impermeable ice layer (Kaczmarska et al.
University of Copenhagen Centre for

Snow and Ice. 2006, Olivier et al. 2003, Schwikowski et al. 2013).

Box 4. Firn is porous, well-bonded, snow which is older than one year and has a density of
200-800 kg m™ (NSIDC 2014c). Near the surface of the accumulating snow, temperature
gradients, which result from diurnal and seasonal variations, lead to evaporation and
recondensation of water molecules, forming firn (Legrand & Mayewski 1997). At depth, firn
is converted to ice through a densification process that gradually compresses the layers,
removing air pores, and causing thinning deformation (Johnsen et al. 2000, Schwikowski et
al. 2010, Schwerzmann et al. 2006).




3.2 Glaciochemistry.

Glaciochemistry is the study of the chemical parameters which are stored in, on and around, snow
and accumulated in glaciers and ice sheets (Legrand & Mayewski 1997). Under suitable conditions,
glaciochemistry can provide information about the composition of the atmosphere in the past, and
changes in the sources, transport and distribution of various chemical species in the atmosphere
(Kreutz & Mayewski 1999). It can also serve as a palaeothermometer. Specifically, glaciochemistry
can provide information about the aerosol and water-soluble gas composition of the atmosphere
when the ice was precipitated.

Ice from polar locations, particularly Antarctica, is of notable interest to glaciochemistry studies
because of its geographical isolation. The isolation minimises local aerosol and gas sources such as
dust, soil emissions and anthropogenic influence, resulting in a clean signal relative to many lower
latitude sites (Dixon et al. 2005, Legrand & Saigne 1988, Legrand & Mayewski 1997). Polar
meteorology also provides favourable conditions for ice records. The major seasonal cycle, of long
polar nights with limited photochemical activity followed by long photochemically active summers,
provides a sustained annual cycle (Legrand & Mayewski 1997).

3.2.1 Major ions.

Antarctic precipitation, and hence accumulating snow, consists of water with impurities. These
impurities, which are mostly soluble species, are either primary aerosols introduced directly into the
atmosphere or are secondary aerosols produced in the atmosphere through various oxidation
pathways involving trace gases (Kreutz & Mayewski 1999).

There are a number of major ions retained in polar firn and ice. Their relative concentrations differ
significantly between sites due to distance from sources, and the spatial and temporal variability of
atmospheric circulation, sea ice extent, ocean productivity patterns and other factors (Sommer et al.
2000). The clarity of the signals at increasing depths also differs between ions (Kreutz & Mayewski
1999).

The two major sources of ionic species in Antarctic ice are sea salt and oceanic biogenic activity.
Concentrations of sea salt ionic species usually peak in winter, coinciding with maximum sea ice
cover (Hall & Wolff 1998, Rothlisberger & Abram 2009). Sea ice is coated in a fine layer of highly
saline brine — termed ‘frost flowers’ — which is blown inland with strong winter winds (Kaspari et al.
2004, Richardson 1976, Hall & Wolff 1998, Roéthlisberger & Abram 2009). The Antarctic winter
exhibits more frequent advection of marine air masses over the ice sheet and increased storm
activity, enabling transport of these species a long distance inland (Kreutz & Mayewski 1999, Legrand
& Mayewski 1997, Suzuki et al. 2005).

lonic species of biogenic origin usually peak in summer, when phytoplankton activity is high and sea
ice cover is low in the Southern Ocean (Kreutz & Mayewski 1999, Stenni et al. 2000, Suzuki et al.
2005). It is believed that a more extensive winter sea ice cover promotes enhanced phytoplankton
activity in the following summer (Rothlisberger & Abram 2009). Winter sea ice collects windborne
dust and releases it to surface water with summer ice melt, providing nutrients for marine biota
(Kaufmann et al. 2010). It is likely that a feedback exists between marine bioactivity, sulfate aerosols
acting as cloud condensation nuclei, and cloud albedo — for example, the CLAW hypothesis - however



the nature of this interaction is a point of ongoing debate (Antony et al. 2010, Ayers & Cainey 2007,
Charleston et al. 1987)

Chloride (Cl') can be measured directly in ice or calculated from Na®, as the Na* to CI ratio is close to
the sea water ratio at most sites. Cl is primarily from sea salt and the concentration subsequently
declines with distance from the coast and with elevation (Mulvaney & Wolff 1994). At inland sites
the CI" may exhibit seasonality different from the typical winter peak, due to CI transport in upper
troposphere air masses which are more likely to intrude over the continents interior in summer when
there is greater downward mixing (Aristarian et al. 2004, Whitlow et al. 1992). As CI" as hydrochloric
acid is volatile, it can sublimate from snow into the atmosphere causing concentrations to change
after deposition and caution should be taken when relying on this anion for layer counting (lizuka et
al. 2004).

Sodium (Na’) in ice is usually a tracer of sea salt and generally displays a winter maximum with
concentrations decreasing with altitude and distance from the coast (Kreutz & Mayewski 1999,
Legrand & Mayewski 1997, Suzuki et al. 2005). Na* is often considered the most useful ion for
identifying seasons due to the regularity of this cycle, particularly in coastal sites (lizuka et al. 2004).

Calcium (Ca”), potassium (K') and magnesium (Mg**) concentrations in Antarctic precipitation are
primarily from sea salt and can be used to study changes in atmospheric transport strength and sea
ice cover. A component of these ions is also derived from terrestrial dusts, mainly from exposed
bedrock surfaces in Antarctica and long-range transport from South America (Kreutz & Mayewski
1999). As larger aerosol particles, concentrations of these species are often believed to be
dependent on accumulation rates, exhibiting dilution with high accumulation. In a reanalysis of
glaciochemistry data from the WAIS, however, Ca®* was the only ion which appeared to show
statistically significant dependency on accumulation rate (Kreutz & Mayewski 1999). It is possible to
partition sea salt and non-sea salt ion concentrations using Na* as the sea salt indicator (Whitlow et
al. 1992).

Lithium (Li*) is a trace ion which, similarly to Ca**, K and Mg”* can be derived from sea salt or dust. In
sea water, lithium concentrations are relatively low and the Li*/Na" ratio can be used to calculate the
percentage from this origin (Siggaared-Andersen et al. 2002). Very few studies have analysed the
lithium record from polar ice. A deep-core study at EPICA Dome C found Li* to be a mineral dust
species deriving mainly from Bolivia (Siggaared-Andersen et al. 2007) and a Greenland study similarly
found 95% of the Li* record to be of mineral dust origin (Siggaared-Andersen et al. 2002).

In Antarctica, sulfate (5042") derives from sea salt and non-sea salt sources. Sulfate from non-sea salt
origin (nssSO,”) has three primary sources; volcanic eruptions, mineral dust, and oxidation of
biogenic DMS. The latter source tends to dominate, with more than 75% of all sulfur emissions south
of 35°S coming from marine origins (Sofon et al. 2014). Concentrations peak in summer, at most
sites, rendering it as a useful chronology tool (Kaufmann et al. 2010, Mulvaney & Wolff 1994, Pasteris
et al. 2014, Stenni et al. 2000). Concentrations of nssSO,” have been shown to be independent from
changes in accumulation rate and elevation but have a significant relationship to distance from coast,
decreasing inland as the influence of lower-tropospheric air masses decreases (Dixon et al. 2005,
Kreutz & Mayewski 1999, Mulvaney & Wolff 1994). Variability of nssSO,” concentration at some

WAIS sites has been linked to the sea ice extent in the Bellinghausen-Amundsen-Ross region (Dixon
9



et al. 2005). Studies have previously found a negative relationship between nssSO,* concentrations
and sea ice in the Pacific Ocean region, and a positive relationship to local polynia size (Dixon et al.
2005). In contrast to most nssSO,” records, a study at Dome Fuji revealed a summer concentration
minima (lizuka et al. 2004). This was explained to be the result of summer post depositional
processes, by which water sublimates from the upper snow layer during the day and condenses at
night, resulting in a dilution. lizuka et al. (2004) suggest that this mechanism may apply to other
inland regions.

Methanesulphonate (CH;SO5’), commonly referred to as Methanesulphonic Acid or MSA, is produced
by the oxidation of phytoplanktonic dimethyl sulfide (DMS) and it is an unequivocal indicator of
bioactivity (Stenni et al. 2000). Marine plankton produce DMS at the sea surface, which is released
into the atmosphere and converted into MSA, sulfur dioxide, and other compounds (Kaufmann et al.
2010, Legrand & Saigne 1988). As such, Antarctic ice usually exhibits a summer MSA maximum. In
some cases a winter MSA maxima has been recorded, which is proposed to result from post-
depositional processes (Minikin et al. 1994, Stenni et al. 2000). In low accumulation areas, this post-
depositional loss excludes it as a proxy of bioproductivity (Kaufmann et al 2010). Changes in MSA
concentrations measured in Antarctic ice may also result from low latitude climate conditions, such
as insolation, sea temperature, surface temperature, and climate variability modes such as the El
Nifio Southern Oscillation, however little is known of these relationships (Kreutz & Mayewski 1999,
Legrand 1997).

Ammonium (NH,") presents a challenge to firn and ice core studies as it is very easily contaminated
during sampling, processing and storage (Kaufmann et al. 2010). The source of NH," in Antarctica is
not unequivocal, but it is likely to be of local biogenic origins. Particulate NH," is estimated to have a
lifetime of less than one week and it is thus rapidly removed from the atmosphere during transport
and, for inland Antarctica, this leaves the biomass production in the Southern Ocean as the most
probable source (Kaufmann et al. 2010). A recent study has, however, found a strong relationship
between black carbon and NH," concentrations in Antarctic ice, suggesting mid-latitude burning as a
possible source (Pasteris et al. 2014). Concentrations are generally between 0.055 and 0.166 peq/L
and tend to be highest in summer, with a less significant second peak in late winter or early spring at
some sites (Kreutz & Mayewski 1999, Sommer et al. 2000). NH," concentrations are lower at higher
elevations, and are not susceptible to post-depositional alteration (Kaufmann et al. 2010, Sommer et
al. 2000).

The sources of nitrate (NOs) in Antarctica remain unclear. Records generally show a peak in
summer, which is believed to be due to the sedimentation and post-depositional redistribution of
polar stratospheric clouds (PSC) and from tropical lightning (Pasteris et al. 2014, Mulvaney & Wolff
1993, Weller et al. 2011). It is hypothesized that PSC NOj is precipitated in central Antarctica in
winter-spring is then subject to summer post-depositional processes which result in its
transportation in the polar boundary layer and precipitation at coastal sites (Mulvaney & Wolff 1993,
Sofon et al. 2014, Weller et al. 2011, Wolff et al. 2008). The concentration in firn is therefore
influenced by the location of the site, yearly PSC formation and sedimentation, sunlight and
temperature of inland Antarctica, and air mass dynamics (Wolff et al. 2008). Concentrations tend to
increase with altitude but decrease with accumulation rate (Kreutz & Mayewski 1999, Mulvaney &
Wolff 1994, Traversi et al. 2014). As ozone depletion decreases with decreased PSC formation, it is

possible that years with significantly depleted ozone could relate to decreased NO;™ concentrations
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(Weller et al. 2011, Mulvaney & Wolff 1993). For inland sites with low accumulation rates, the NO3’
concentrations exhibit a steep decline in the upper 1 m of ice, suggesting slow-acting post-
depositional processes and supporting the theory of NO; re-emission (Mulvaney & Wolff 1994, Wolff
et al. 2008). Over long time scales, NO3 in Antarctic ice can be used as a chemical tracer for
variability in solar activity (Poluianov et al. 2014).

Fluoride (F) is a minor ion in most Antarctic firn records. The background concentration is usually
measured at levels almost indistinguishable from zero - less than 0.01 peq/L (Hammer et al. 1997).
Fluoride peaks have been recorded in deep ice cores at Dome C and Byrd Station, which indicate
volcanic emissions from sources close to Antarctica in pre-historic times (Schwander et al. 2001,
Vallelonga et al. 2005).

Formate (CHOO) in Antarctica is believed to derive from atmospheric oxidation of methane (Legrand
& Saigne 1988). It is found in ice from both coastal regions and the central plateau, but is still usually
a minor ion (Legrand & Saigne 1988).

Oxalate (C,0,%) in the atmosphere is primarily particulate matter which comes from forest fires, fuel
combustion and soil emissions, or indirectly through photochemical reactions of hydrocarbons
(Xinging et al. 2002). As an aerosol in the form of oxalic acid it acts as a condensation nuclei and can
accumulate in ice layers. Oxalate concentrations in Antarctica are generally very low with a maximum
in spring and summer (Legrand et al. 1998).

3.2.2 Stable isotopes

Stable isotopes are atoms of the same element which have different numbers of neutrons, and
therefore different masses, but which do not decay to other isotopes over geological timescales
(Kendall & Caldwell 1998). Water molecules contain stable isotopes of hydrogen (H or D) and oxygen
(*°0 or 0). These are of use to palaeoclimatology because water molecules containing different
isotopes behave differently during phase changes such as evaporation and condensation. Records
which preserve the composition of water, such as glaciers, provide valuable information about the
temperature conditions in which the molecules condensed. The mechanism responsible for this
molecular separation is fractionation, explained in Box 5.

The ratio of the heavier '®0 isotopes to the lighter and more abundant *°0 is usually expressed as
50 as ‘per mil’ (%o), relative to the international standard, Vienna Standard Mean Ocean Water
(vSMOW) (Craig 1961). Likewise, 86D expresses the ratio of the less abundant D to the more abundant
H, relative to vSMOW. The equation for calculation of the §'®0 value is provided below (Dansgaard
1964).

amount C-: H;:E'j R:z—: =_R;::':r:
R= olE0 = *1000%0
amount of H;150 = S

Stable isotopes of water are useful proxies as they are of unlimited volume in all firn and ice cores

and they are not so liable to contamination during measurement (Dansgaard 1964). This method is,

however, limited to upper layers and sites with high accumulation rates, due to the signal dampening
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with depth through diffusion (Johnsen et al. 2000, Legrand & Mayewski 1997). Diffusion occurs
through the inter-granular exchange of molecules in firn as vapour phase water, in which heavier
isotopes are less abundant, moves through interconnected pores. The smoothing of the §'®0 profile
is generally more pronounced than for the 6D profile (Johnsen et al. 2000). Isotope records may also
be impacted by post-depositional surface processes which impair the seasonal cycle (Hoshina et al.
2014).

Box 5. Isotopic fractionation is the enrichment of one isotope relative to another, and it
occurs at each phase change of water. Molecules containing lighter isotopes are more volatile
than those composed of heavier isotopes, causing fractionation during condensation and
evaporation of liquid water (Dansgaard 1964, Legrand & Mayewski 1997). The isotope
composition of H,O in precipitation is highly dependent on the condensation temperature at
which it is formed. Precipitation at colder temperatures is more depleted in heavier isotopes
and has more negative 6'®0 and 8D values. Studying the isotopic signature of precipitation can
reveal atmospheric temperature information (Dansgaard 1954, 1964, Ekaykin et al. 2002, NASA
2011b, Pfeiffer et al. 2004). Ice cores, which essentially record precipitation, subsequently
provide a detailed proxy of temperature (Johnsen et al. 2000, Legrand & Mayewski 1997,
Maselli et al 2013, Stenni et al. 2000).

3.3 Reference horizons.

Reference horizons provide an independent method for determining the age of specific layers within
an ice core. This may be of use for confirming layer-count ages, for scaling ages, or for providing an
age where accumulation rates may be too low for other methods (Legrand & Mayewski 1997). They
are also a useful tool for cross-referencing between cores.

In Antarctic ice core records, major volcanic eruptions and bomb testing can provide reference
horizons. Eruptions of Tambora (1815), Krakatoa (1883), Agung (1963) and Pinatubo (1991) are
evident as nssSO,” peaks at a 1-2 year lag to the eruption due to transport from low or mid-latitudes
(Aristarian et al. 2004, Mulvaney & Wolff 1993). Tritium fallout from hydrogen bomb testing in 1963
is also used as a reference horizon, found in ice formed in 1966 (Aristarian et al. 2004).

3.4 What others have found.

There are still a limited number of annually resolved records of major ions and stable isotopes from
firn and ice cores in Antarctica, but the availability of such records is growing (Medley et al. 2013). In
non-coastal sites, seasonal oscillations in water stable isotopes, nssSO,>, MSA and NOs have most
commonly been used to determine annual layers in firn and ice.

Water stable isotopes measurements from west Antarctica exhibit maxima in summer and minima in
winter, with lower values at inland sites relative to coastal (Hoshina et al. 2014). Studies have found
stable isotope variability in west Antarctica to be linked to large-scale atmospheric circulation, sea ice
cover and local temperatures (Kuttel et al. 2012). Various ion species have been found to vary
seasonally in Antarctic sites and have been successfully used to count annual layers, such as those
listed in Table 2.
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In contrast to these studies, lizuka et al. (2004) found that, in inland east Antarctica, the upper snow

layer had a summer minimum in nssSO,> and Na* concentrations, while exhibiting summer maxima

of CI'’/Na’, demonstrating that not all sites conform to the expected patterns.

Table 2: Examples of ion concentration parameters used for annual layer counting at different locations in Antarctica.

Site Dating with: Citation

South Pole Na‘/Cl and nssSO42' Whitlow et al. 1992
Antarctic Peninsula Summer nssSO,”~ peak Aristarain et al. 2004
Inland WA (A) Summer nss SO,~ peak Kreutz et al. 1999

Dronning Maud Land

Na* and Ca”* peaks (winter-spring), NH," (2 months before Na®)

Sommer et al. 2000

Dronning Maud Land

Na"and NO3’

Isaksson et al. 1996

Filchner Ronne Ice Shelf
(acc. >200 kg m~ a'l)

Summer SO,~ peak

Manikin et al. 1994

Filchner Ronne Ice Shelf
(acc. 100-200 kg m?a™)

Summer SO,~ peak

Manikin et al. 1994

Dronning Maud Land

Summer MSA peak

Suzuki et al. 2005

Thwaites Glacier

Summer nss S/Na* peak

Medley et al. 2013

Northern Victoria Land

MSA and SO,”

Stenni et al. 2000

Pine Island-Thwaites

Na+ winter-spring peak and summer SO,” and NO; peak.

Kaspari et al. 2004

Siple Dome

Summer nss SO,” peaks

Kreutz et al. 2000
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4. Methods.

Methodologies for studying accumulation rates, and for analysing firn cores more generally, are now
well developed and this study will follow existing procedures. The site selection and coring were

undertaken prior to commencement of this thesis.

4.1 Study site.

The site for this study is the triple ice divide between Pine Island Glacier, Institute Ice Stream and
Rutford Ice Stream in western Antarctica, described in Section 1.2, hereon referred to as the PIR
divide. The firn core to be studied is 672 cm in length and was drilled at latitude 79°07'10.4339" S,
longitude 88°50'21.0634"W, and altitude 2083.3 metres above sea level. The sampling was
conducted on 18.01.2014 and the air temperature was -12°C. A 1000 km ground-penetrating radar
transect and GPS data were also collected at the study site. Drilling and a radar survey were
conducted by a team from the Centro de Estudios Cientificos, Valdivia, Chile.

4.2 Sampling and preparation.
Preparation and storage of the frozen samples was in a -20°C laboratory, with attention paid to
minimising contamination risk. For each of the 13 core segments, the following procedure was

undertaken.

Core segments were weighed then removed from their packaging and placed onto a plexi-glass table.
Segments were measured, and the lengths of individual sections of broken cores were recorded. The
diameter was measured along the core and an average diameter estimated. The location and
thickness of any ice lenses were recorded. Photographs were taken, with and without a backlight,
and any additional structural features were noted.

The core segments were then prepared on a sterile, teflon, table which was fitted with a modified
stainless-steel band-saw setup (Eichler et al. 2000). The outer parts of the ice core are usually
contaminated during the drilling, handling, transport and storing processes, and this material was
removed (Curran and Palmer 2001, Ivask et al. 2001). The ice was cut in a number of stages, as
illustrated in Figure 5a, to produce a long rectangular piece of core, which was then cut into
individual samples of 2.5-5 cm length, as in Figure 5b. Samples were placed into pre-cleaned and
labelled airtight tubes, which were stored at -20°C until analysis.

lcm 1.5cm Figure 5a (left): Schematic
. R . showing the core cutting
method, chronologically, for a
., 1.9cm cylindrical firn or ice core.
. > a ..“ y
- . Zaem Figure 5b (right): Photo of
4 5 g » .
Va h“ 9 individual samples cut from a
1.9em ( * 1.9cm firn core, with the
lcm N e approximate dimensions.
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In total, 197 samples were cut.

Upon receiving the core segments at the Paul Scherrer Institut, it was discovered that segments of
the core had been exposed to temperatures above freezing and had suffered some degree of melt.
Melt layers appear transparent and bright when backlit, compared to unmelted segments, and often
had a slightly deformed and non-cylindrical shape (Schwikowski et al. 2013). The extent of melt
ranged from an estimated 20%, which could be effectively excluded from the samples, to almost
100% melt with severe deformity. Examples are provided in Figure 6. Where possible, samples were
cut from the inner section of ice which appeared to be the least affected by this melt. It was
expected that this melt-refreeze would have a significant impact on density measurements.

Figure 6: Backlit core segments; core segment 3 with limited melt (top), core segment 1 with moderate and inhomogeneous

melt, and core segment 6 (bottom) with almost complete melt.

For chemical analysis, samples were removed from storage and tubes were immediately degassed
using N, to remove laboratory air. The ice was melted and the tubes weighed. 500 pl of each sample
was pipette into a vial for stable isotope analysis and the remaining sample was loaded into the ion
chromatograph to be measured within the following 24 hours. After measurement, samples were
frozen in storage.

4.3 Ion chromatography.

4.3.1 Concept.

lon Chromotography (IC) is an analytical, physicochemical, method of separating ionic solutes in a
sample and measuring their concentrations down to the parts-per-billion (ppb) range. It is a
multispecies liquid chromatography technique which can be used to reliably quantify the
concentration of a variety of ions simultaneously in a sample through a combined dual anion-cation
process (Metrohm 2014). IC is widely used for determining ionic species from meltwater of snow
and ice samples (Curran & Palmer 2001, Ivask et al. 2001).
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The ion exchange method of IC is essentially based on the relative affinities of major anions or
cations in a sample to their unique interactions with a resin. In brief, the method measures how long
each ion species is retained in a resin column before it is replaced by an eluent ion and eluted. lons
with the lowest affinity, or the weakest ionic interactions, are the first to be eluted. This process is
detailed in Box 6.

Box 6 Figure 7: Schematic illustrating the concept of ion exchange in a
resin column. X is an eluent ion. A, B and C are sample ions with
IxL 44[3/'—? IxL JxL different retention times.
KX [Rgh Agh|iRyX The ion separation process occurs in a resin column. Initially, an
X X A A A A XX . Lo . .
% B § X appropriate eluent is injected into a charged, pressurised,
codtholl bl Rl | il chromatographic column (Bruckner 2013). The eluent ions exchange
X X B C Xc X X . . . . . .
x c c % with and displace any other ions in the column, saturating the resin
x*x||e“c|lc®c||x®*x

surface, and maintaining an electroneutral system. (See left column

= = L AR
X X J8- S in Figure 7)

A sample containing ions of interest is then injected into the column.
The sample ions exchange, one for one, with the eluent ions and bond to the surface of the resin
(Bruckner 2013, Levin 1997). (See second column in Figure 7)
The sample ions are retained on the resin temporarily until the different ions are displaced, in an ion
exchange, by eluent ions as more eluent is injected into the system (Metrohm 2014). Sample ions are then
eluted from the column, and the time and concentration of ions released from the column are measured.
(See third and fourth columns in Figure 7)

Each ionic species takes a different and known length of time to be eluted. Due to diffusion processes and
the formation of flow channels in the column, not all ions of a single species will be released
synchronously, and the IC peaks are subsequently Gaussian distributed (Metrohm 2014, UMM 2014).

4

4.3.2 Measurement procedure.

lon chromatography was undertaken using a
Metrohm 850 Professional IC with 872 Extension
Module, as shown in Figure 8. The sample
preparation and measurement methodologies
were standard procedures for use of this
equipment, and have been used regularly for
experimentation and reliable measurements.

Eight anions were measured; fluoride (F),
acetate (CH;COO), formate (HCOO’), MSA
(CH3S03), chloride (CI), nitrate (NO3), sulfate
(S0,%), and oxalate ((COO),).

ammonium (N H4+), potassium (K+), magnesium (I\/Ig2+), Figure 8: Metrohm lon Chromatograph (left)

Six cations were measured; sodium (Na®),

and Autosampler (right). Image from

. 2+ ithi it
calcium (Ca“”’) and lithium (Li%). Metrohm.

The measurement sequence contained blocks of sample measurements interspersed with standards
and blanks (Milli-Q ultrapure water) to ensure that the measurement conditions remained constant.
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All output graphs were reviewed, and baselines adjusted as necessary, to confirm that ion peaks
were accurately identified and measured.

4.4 Infrared spectroscopy.

4.4.1 Concept.

The stable isotope analysis was undertaken using Wavelength-Scanned Cavity Ringdown
Spectroscopy (WS-CRDS). WS-CRDS is an optical method using absorption spectroscopy with an
infrared laser to measure the stable isotope concentration ratio of water in the vapour phase
(Crosson 2008, Gupta et al. 2009). Infrared spectroscopy analyses differences in the vibration and
rotation properties of molecules when interacting with light of infrared wavelengths. The method
requires relatively little sample preparation, is quite efficient, and produces highly reproducible
results, with high precision at very low concentrations compared to traditional mass spectrometry
methods (Gkinis et al. 2010, Gupta et al. 2009). This method is detailed in Box 7.

The instrument is principally a gas-phase device. Liquid water is evaporated with a flash evaporation
mechanism, and the resulting vapour is in equilibrium with a dry carrier gas to minimise isotopic
fractionation upon phase change (Gupta et al. 2009).

Small gas-phase molecule species each have unique near-infrared absorption spectra. For each
water molecule of different isotopic composition and weight, for example, highly specific spectral
absorption features can be identified (Brand et al. 2009). By measuring the height of the absorption
peaks one can measure the strength of the absorption, and hence the species concentration. CRDS is
a technique which enables concentrations to be measured at low concentrations. (Picarro 2014)

Box 7 Figure 9a (left): Simplified

N diagram of the laser, cavity

‘& Build-upyi¢—— Ring-Down ——> and detector of the CRDS
instrument. Figure 9b (right):

~

s
Gas | ;¢
molecules t= *
under test A typical exponentially-
decaying ringdown curve as

|
|
' measured by the CRDS
|

Detector Signal

»

L” i ! ‘ (BSBF ) detector. Appropriated from
m Ty Shutoff Time Picarro 2014.

In CRDS, a continuous wave single-frequency laser diode is directed through a partially reflecting mirror into an

optical cavity, which contains a gas species of interest, as shown in Figure 9a. The cavity, containing high
reflectivity mirrors, increases the optical length of the laser beam through reflection. Light is measured as it
leaves the cavity using photodetection sensors behind another partially reflecting mirror. When the
photodetector measurements reach a threshold the laser is stopped, and the photodetector measures the
intensity of the remaining light leaving the cavity. This light intensity decays to exponentially zero, as shown in
Figure 9b, which is termed the ringdown (Hallock et al. 2002). The amount of time taken to decay, termed the
ringdown time constant, is influenced by the absorption and scattering of light by the gas species in the cavity
(Crosson 2008, Hallock et al. 2002). By measuring the optical absorbance of a sample, it is possible to
determine the isotope concentrations and the isotopic ratio of a particular gas species (Crosson 2008).
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4.4.2 Measurement Procedure.

Measurement of water stable isotopes was performed on a Picarro Cavity Ringdown Spectrometer
L2130-I Isotopic H,0 instrument with a Vaporisation Module and auto-sampler. The methodology for
use of this instrument, and data treatment, is well developed.

For each sample, six consecutive measurements were taken. The first three measurements were
ignored and the second three, which were more stable and consistent, were averaged to provide the
final value. In cases where one of the last three measurements was a clear outlier, the third
measurement was used instead. Samples for which these three values had a standard deviation of
greater than 10%o for §'%0, or greater than 50%. for 6D, were re-measured. Samples were
interspersed with standards and blanks to confirm the consistency of measurement conditions.

4.5 Radar.

Radargrams show discontinuities between successive layers in the material being measured. For the
upper 75 m of a cold glacier, density variability has the greatest impact on radar reflectance (Winther
et al. 1998). In snow-penetrating radar measurements, these reflectance horizons are often assumed
to represent annual isochrones, caused by seasonal cycles of firn layers and associated ice crusts, and
this assumption is commonly confirmed with the use of chemical analysis. Due to the high vertical
resolution of modern radar measurements, it is possible to use the radar measurements for dating
purposes, at sites where the annual cycles of conductivity can be confirmed, over depths and
distances which may present challenges for ice core studies (Medley et al. 2013).

A study at Thwaites Glacier, for example, used chemical analysis to confirm the annularity of radar
reflection horizons. Their study found that their radar provided accurate and independent estimates
of accumulation rates across the study site, and was most accurate for accumulation between 30 and
60 cm w.e. yr* (Medley et al. 2013).

Distance

1960m

Figure 10a (left): Radar reflectance image from near the PIR divide, with red-dashed lines indicating the continuity of
reflectance bands across the transect and solid white lines indicating the sections used to visually count reflections. Figure
10b (right): A section of the Figure 10a radargram is overlain with a line graph of the black-white contrast, produced using
CoralXDS software.
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For the PIR divide, the radargram was, similarly, analysed to estimate the number of reflectance
horizons per metre of vertical depth, for comparison with the glaciochemistry results. The radar
velocity was 194 m/usec and had a resolution of 0.2 m in firn, with the uppermost 5 m obscured by
alteration. Visual analysis was undertaken along five arbitrary lines, shown in Figure 10a, however
the poor definition of individual reflectance horizons presented challenges to counting. In addition, a
software program (Coral XDS), which was originally developed to identify annual banding in coral
density images, was adapted for use on the black-white banding of radar imagery, producing a line
graph which complemented the visual count, as shown in Figure 10b.

It is important to note that the measurement and processing of radar data occurred prior to this
study, including the conversion from nanosecond return time to metres elevation.
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5. Results.

5.1 Density.

The density profile for the PIR divide core, Figure 11, confirmed that significant post-drilling melting
had impacted the majority of the core. A number of sections of the core had sample densities
exceeding 0.8 g cm™ which is the upper limit of firn, by definition, before it is classified as ice (NSICD
2014c). In comparison with the density profile of another Antarctic firn core, which was not subject
to melting after drilling, it appears likely that most of the PIR divide core was influenced by some
extent of melt.

Density profile
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Figure 11: Blue line is the sample density for the PIR divide. The pink shading highlights the sections of this record which
exceed 0.8 g cm? density, the upper limit of firn density. The red line is the core density of an Antarctic firn core undisturbed

by melt, for the same depth in water equivalence. The sample density values have an error of around 0.085 g em?.
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The density measurements were, as such, not of use for annual layer counting, but were useful for
identifying which segments of the core had been most influenced by this melting.

5.2 Glaciochemistry.

The stable isotope records of 620 and 8D both displayed clear peaks and troughs, with maximum,
minimum and mean values of -30.15, -40.86 and -35.96%. for &0, and -237.94, -325.37 and -
283.45%o for 6D. Based on visual analysis, 50 and 6D values at around 250 cm water equivalent
(w.e.) and 300cm w.e. depth had unclear peaks or troughs which may be due to impact by melt. As
both isotope ratios showed the same pattern, only the §*0 measurements, Figure 12, were used for

analysis.

Depth (cm w.e.)
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Figure 12: 5%0 record for the PIR divide firn core, with red and blue colours highlighting the high and low values.
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The ion measurements also showed peaks and troughs throughout most of the records. For some
ionic species the concentrations were close to, or below, the IC detection limits, such as (CO0),, or
were deemed unreliable due to their susceptibility to contamination, such as NH,".
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The concentrations of CI, Na*, Ka*, MSA, SO, and NO;, were deemed useful for analysis. For visual
comparison of the ionic species, four point moving averages were calculated.

The nssSO,” was calculated using sodium concentrations and the sea salt Na*/ SO,* ratio (Mulvaney
& Wolff 1994). These values showed that, on average, 78% of the total SO,> was of non-sea salt
origin. Therefore, the calculated nssSO,* values closely followed the total values. Deuterium excess
was calculated from the isotope measurements, using D-excess = 6D — 8(5'%0) (Dansgaard 1964), and
was in phase with the raw isotope data.

The ionic species was divided into two groups based on visual ‘wiggle’ matching. Group 1 contained
CI, Na* and K* which appeared to be well alighed. These species all showed a high peak at 15cm w.e.
depth and a particularly high peak, recorded across four samples, at around 150 cm w.e. depth.
Group 2 contained MSA, SO,> and NO; which also aligned well together. These species also
displayed the peaks at the two depths seen in group 1 however the second peak, at 150 cm w.e., was
far less pronounced than in Group 1. The alignment of the ions in these two groups is evident in
Figure 13. The ionic species in Group 2 all had a weaker (lower amplitude) signal after 300 cm w.e.
depth, compared to their previous values, however the Group 1 species remained pronounced.

Correlation analysis was undertaken using the natural log values of the ionic species concentrations
and the raw values of the isotope ratios. The results are given in Table 3. This confirmed the two ion
groupings because the Group 1 ion Na* correlated (>70%) with CI" and K*, and the Group 2 MSA data
correlated with SO,> and nssSO,> , and the SO,* also correlated with NO5".

Table 3: Correlation analysis of ions and isotopes measured in the PIR divide firn core. Colours highlight the correlations
coefficients r >90% (red), r>80% (orange) and r>70% (yellow). lons which had low concentrations and were not useful to
correlation studies were removed from the results table. The results show the highest correlation between oxygen isotope
and hydrogen isotope records, followed by sodium-chloride, sulphate-nss sulphate, and sulphate-nitrate.

5”0 8D fluoride MSA chloride nitrate sulfate oxalate di potassi gnesil d-exc.
5% 1.00
8D 0.99 1.00 90-100%
fluoride 0.22 0.26 1.00 80-90%
MSA -0.04 0.02 0.24 1.00 70-80%
chloride -0.21 -0.19 0.19 0.34 1.00
nitrate 0.09 0.11 0.12 0.68 0.40 1.00
sulfate 0.03 0.07 0.14 0.80 0.45 0.80 1.00
oxalate 0.03 0.06 0.78 0.28 0.14 0.11 0.18 1.00
sodium -0.24 -0.23 0.23 0.31 0.96 0.31 0.41 0.18 1.00
potassium -0.09 -0.05 0.29 0.33 0.65 0.26 0.37 0.30 0.72 1.00
magnes. -0.42 -0.40 -0.02 0.44 0.63 0.33 0.50 0.11 0.69 0.72 1.00
d excess 0.06 0.18 0.40 0.54 0.11 0.25 0.29 0.22 0.11 0.29 0.10 1.00
nssSulf. 0.12 0.15 0.28 0.71 0.29 0.69 0.84 0.25 0.28 0.35 0.41 0.30

Principal Component Analysis was also undertaken to identify groupings of highly correlated ions.
The results, shown in Table 4, confirm the two major groups.

Table 4: First five principal

Comp 21 Comp :2  Component:3  Comp 4 Component:5 .
Fluoride 0.08 0.2 0188 016 -0.09 components based on a verimax
acetate 0.45 0.15 0.05 0.69 0.17 rotation, using log-normalised
formate 0.35 0.47 0.48 0.47 0.02 data with anomalous samples
MSA 0.91 0.14 0.12 -0.05 -0.14
chloride 0.2 0.92 20.03 20.06 0.2 removed from all ion data.
nitrate 0.83 0.09 0.01 0.11 0.34 Shading high/ights the highest
sulfate 0.87 0.2 0.04 0.08 0.2 .
oxalate 016 001 09 0.05 0.06 loadings for each component;
sodium 0.13 0.96 0.03 -0.01 0.16 red 90-100%, orange 80-90%,
ammonium 0.12 0 0.07 B9 0.1 yellow 70-80%. Component 1 is
potassium 0.08 0.77 0.26 0.29 -0.03
magnesium 025 0.26 0.03 -0.03 0.88 mostly MSA, nitrate and
calcium -0.14 0 0.79 0.27 0.29 sulphate’ Component 2is
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For multi-parameter annual layer counting it was of interest to find an alignment between the
isotope measurements and the ion measurements. The ions of Group 2 were in phase with the
isotope measurements, assumed to have maximum values in summer and minimum values in winter.
The peaks and troughs corresponded particularly well from 0 to 225 cm w.e. depth. The ions of
Group 1 were found to be inverse to the isotope values and were interpreted as having maxima in
winter. The peaks and troughs of these Group 1 ions aligned particularly well with the isotope data
from 300 cm w.e. depth onwards. These ‘wiggle’ matches are shown in Figure 13.
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Figure 13: Wiggle-matching plot for major winter-peaking and summer-peaking ions relative to the oxygen isotope record

for the PIR divide firn core. lon concentrations (ueq/L) at four-point moving average, and raw 5%0 (%) data. Note that the
upper three ion graphs are inverted. X-axis is depth in cm water equivalent. Coloured segments indicate the sections of the
ion records which best aligned with the 50 data.

The stable isotope ratios and ion concentrations for depths from 225 to 300 cm w.e. depth were
more challenging to align visually. Referring back to Figure 11, these sections correspond to a
segment of core with particularly high density and hence melt. For this section, the ion data was used
to determine the most likely maxima and minima, as shown in Figure 14.
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Based on the stable isotope ratios and ion concentrations, 18 summers were identified in the record
— including the drilling season of summer 2013-2014. This is shown on the isotope record in Figure
15. It is important to note the uncertainty in the 225-300 cm w.e. section shown in Figure 14.

Although 18 summer peaks is the best estimate with the available data, it is possible that the actual
value is as low as 16 peaks.

Summer 2001/2002
summer 1998/1999

350 500

summer 2006/2007

Summer 2011/2012
Summer 2007/2008

Summer 2009/2010
Summer 2004/2005
summer 2003/2004

Summer 2002/2003
Summer 2000/2001

Summer £997/1998

Summer 2012/2013
Summer 2010/2011
Summer 1996/1997

&

Summer 20082009
Sumrmer 1999,/2000

Summer 2013/14

Summer 2005/2006

-41

Figure 15: 50 measurements for the PIR divide with colours accentuating high and low values. Labels show austral
summers based on annual layer counting. X-axis shows cm water equivalent depth, Y-axis shows 5%0 per mil.

With identification of annual peaks, it was possible to determine the snow accumulation per year
through the core. Annual accumulation rates are shown in Table 4. The mean accumulation rate for
this site is around 25 cm w.e. yr* with a range of 10.11-46.7 cm w.e. based on the number of years
identified. An error of two years due to layer counting uncertainties would equate to an error
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margin of approximately 3.5 cm w.e. on the average annual accumulation rate. Annual ion
concentrations were also calculated for the major ions in this core. The average annual ion
concentration was plotted against the annual accumulation rate to determine that ion
concentrations were independent of accumulation rates.

Table 4: Annual snow accumulation rates and ion concentrations based on the years identified in the stable isotope and ion
concentration records.

Accumulation rates and annual ion concentrations

Year* 2012 | 2011 | 2010 | 2009 | 2008 2007 2006 | 2005 | 2004 | 2003 | 2002 | 2001 2000 | 1999 1998 1997  MEAN
Accumulation
(em w.e.) 29.05 | 2474 | 1646 | 1367 | 37.00 | 46.70 | 2897 | 16.72 | 1298 | 10.11 | 31.08 | 27.09 | 27.75 | 28.29 | 30.29 | 25.62 25.12
MSA 0.60

1.26 096 058 0.26 1.13 3.66 1.59 111 0.88 049 216 061 0.79 0.83 0.30 1.13
(neq/l)
Chloride
(uea/l) 867 | 1461 | 1432 | 1318 | 2061 | 3316 | 7.26 | 1558 | 9.22 706 | 2283 | 816 | 1304 | 1163 | 2033 | 9.84 14.08
Nitrate |
(ueq/l) 0.24 7.25 9.56 571 11.85 | 1498  4.83 7.25 7.74 547 1482 | 10.32 | 8.30 9.87 7.84 5.23 8.74
Sulfate
(uea/l) 7.09 6.27 8.01 5.26 8.82 1647 | 6.26 7.56 6.42 497 1565 | 7.85 7.95 7.25 7.09 272 8.03
Sodium
(uea/l) 6.61 | 12.33 | 10.25 | 1090 | 16.31 | 2998 | 5.32 | 1197 | 764 506 | 1721 | 487 | 1091 | 908 | 1483 | 6.35 11.06
Potassium
(uea/l) 1.04 1.40 1.05 1.18 2.31 542 1.02 0.89 1.24 043 1.16 0.8 094 1.08 1.00 0.59 1.34

* Year 2012 refersto the year from the austral summer 2011-2012 to the austral summer 2012-2013. Accumulation rates are calculated between consecutive
summers, based on §**0 peaks.

5.3 Radar.

The radargram analysis, both with and without the aid of software, identified approximately one
radar reflectance band per vertical metre. The results of the counting, presented in Table 5 and Table
6, are highly uncertain due to challenges in band identification.

Based on the glaciochemistry results, above, and assuming an ice density of approximately 0.9 g cm?,
one would expect an average of 4.4 years of accumulation in each vertical metre depth at this
location.

Table 5: Number of radar reflectance horizons identified by eye in five transects on the PIR divide radargram. The transects
were delineated into four segments of known vertical distance based on a few distinct horizons which were continuous
across the entire radargram.

Number of radar reflection horizons counted: visual

V.ertlcal Transect 1 Transect 2 Transect 3 Transect 4 Transect 5 B-est Reflections
distance estimate per metre
6m (a) 8 7 6 7 6 7 1.16
6m (b) 3 8 5 6 3 5 0.83
10m 7 13 10 13 9 10 1.00
4m 3 4 5 2 3 5 1.25
Note: Best estimate based on counted values, weighted based on how defined reflections were in each Average:
section and in each transect. 1.06

Table 6: Number of radar reflectance horizons identified in four transects (different to those in Table 5) based on black-white
contrast line graphs produced using Coral XDS from the PIR divide radargram.

Number of radar reflection horizons counted: software-assisted.

Vertical Reflecti
.ertlca Transect A Transect B Transect C Transect D Average eflections per
distance metre
44m 44 42 44 40 42.5 0.97
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6. Discussion.

6.1 Seasonality.

The stable isotope data, with a 80 mean of -35.96%0 and 8D mean of -283.45%o, are similar to
those measured at other inland Antarctic sites, and lower than those at coastal and low altitude sites
(Lorius et al. 1979, Stenni et al. 2000, Suzuki et al. 2005). The regularity of peaks and troughs
throughout most of the timeseries suggests that the data is still suitable for use in counting annual
layers.

The two groups of ions, confirmed through correlation analysis and principal component analysis,
can be interpreted as reflecting two major sources. Group 1 (chloride, sodium, potassium) are ion
species derived from sea salt and, to a lesser extent, from dust, which explains the maximum values
in winter. The measured sodium to chloride ion ratio is very similar to the known sea salt ratio, as
shown in Appendix 1, supporting that both ions are primarily from sea salt. Group 2 (MSA, sulphate,
nitrate) are the summer-peaking ion species, primarily originating from biogenic activity of the
southern ocean (excluding nitrate) with the concentration maxima in the austral summer. The nitrate
signal may be derived from the re-deposition of PSC sedimentation which also occurs in summer.

6.2 Climate variability.

All ion and stable isotope time series contained variability which can be explained with variability in
sources, year to year, and transport. This variability in sources and transport may, in turn, be
explained by large scale climate variability. The ion and stable isotope data were compared with
monthly data for the Southern Oscillation Index (SOI), the Antarctic Oscillation (AAQO) and the Indian
Ocean Dipole (IOD) to determine whether the anomalies or the magnitude of the peaks or troughs
appeared to be driven by these climate variability signals. In general, there were no outstanding
relationships visible. No statistical analysis was undertaken due to the short temporal duration of the
measured record and dating uncertainty.

Records of Antarctic sea ice cover and cloud cover observations for the PIR divide region were,
similarly, not found to align with the magnitude or anomalies of any ion concentrations or stable
isotope ratio, based on visual analysis. Although these parameters unquestionably have an influence
on glaciochemistry, it does not appear, for example, that the sea salt or biogenic ion variability is
determined by sea ice cover or that the NO3 concentration are determined by insolation.

6.3 Anomalies.

Within the year-to-year variability of ion concentrations in the PIR divide firn core most values
remained within a limited range. There were, however, two peaks in the raw ion data which
appeared, visually, to be anomalously high. Potential explanations were investigated.
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Figure 16: Examples of raw ion concentrations for two anomalous peaks in the PIR divide data. Figure 16a (left) peak is
assumed to correspond to the 2012-13 austral summer and Figure 16b (right) is assumed to correspond to the spring of
2007 or summer of 2007-08.

The anomalous peak corresponding to summer 2012-2013 in the raw ion data (not clear in the 4pt
moving average) occurs in all major ions and is particularly high, based on visual analysis, in the
records of SO,%, NO5, MSA, CI', formate, oxalate, F, Mgz". Figure 16a shows this peak in four ion
records.

The peak is challenging to explain as it is evident in ions from various sources including summer and
winter peaking ions. In the SO,” record, a potential source would be the 2011 Puyehue-Corddn
Caulle eruption in Chile (40°35'25"S latitude) which caused ash fallout in much of the southern
hemisphere (Smithsonian Institute 2013). To link this eruption to all other ions through the indirect
impacts of ash deposition, temperature decrease, insolation decrease and subsequent sea ice
impacts, is challenging. No significant impacts of the 2011 eruption on these parameters have been
documented. A peak in NO; could be explained as resulting from an anomalous stratospheric air
intrusion, however this source does not apply to other ions (Traversi et al. 2014). More likely, a
strong wind event from the coast could have caused an increase in species. Hall and Wolff (1998)
found that the highest sea salt concentrations at their study site were associated with changes in
wind direction, on the day of or the day before the measured peak. It is, however, questionable that
this would cause so many ions to peak simultaneously.

A possible explanation is therefore that this peak, which occurs over two samples for most ions, is
the result of melt water accumulating at this point in the core. The samples were on either side of a
break point in a melted core segment and it is possible that the water, which melted during
transport, refroze in this break, concentrating the ion species. This explanation is supported by a
higher density measured in these samples.

The anomalous peak corresponding to late 2007, Figure 16b, is most pronounced across sea-salt
species but also appears to a lesser extent in summer-peaking species. This could be interpreted as
resulting from a single transport event which caused an influx in salt-enriched air masses to this site.
Due to the limited spatial and temporal resolution of weather observations for this region it is
challenging to find a record of this event. Monthly and seasonal surface wind and sea level pressure
records were examined for anomalies however none prevailed.

Monthly records of CI'" concentration at the Thwaites and Pine Island Glacier divide, based on a
shallow firn core, recorded a maximum value of 28.5 peq/L in March 2008 — around eight times the
mean value and double the second and third highest values measured, 2002-2010 (Criscitiello et al.
2013). This falls very near, temporally, to the PIR divide peak, as shown in Appendix 3. It is possible
that the peak in each dataset is from the same event and appears at a slightly different time in the
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PIR divide core due to dating uncertainty. Melt may also have influenced the position of the ion peak.
Monthly MSA values measured in the same core showed a maximum in November and December of
2007, closer to the PIR divide peak, however these values were not as anomalously high. The CI
record in the Criscitiello et al. (2013) study was found to have a strong positive correlation with the
winter sea ice cover in the Amundsen Sea polynia. More detail of polynias is provided in Box 8.

Box 8: Polynias are sea surface areas with reduced sea ice cover, located in regions which
would be expected to have, and are surrounded by, substantial sea ice cover (Arrigo & van Dijken
2003, Criscitiello et al. 2013). These polynias often result from local wind patterns and can
increase winter sea salt aerosols due to the high, ongoing, rate of brine-enriched sea ice
formation which is subjected to continuous wind dispersal (Criscitiello et al. 2013).

Although polynias are a winter phenomenon, it is the spring and summer manifestations of these
areas (termed post-polynias) which attract the most attention (Arrigo & van Dijken 2003). Post-
polynias are the first areas in which the sea surface is exposed to the increasing spring insolation
and they are subsequently the sites of very high bioproductivity (Arrigo et al. 2012, Arrigo & van
Dijken 2003, Criscitiello et al. 2013, Dixon et al. 2005). Three of the four most productive polynias
in Antarctica are in the west Antarctic. The Pine Island Bay polynia, is noted as being particularly
productive (Arrigo et al. 2012, Dixon et al. 2005). The total January productivity of all the
polynias in Antarctica is around three times that of the surrounding Southern Ocean (Dixon et al.
2005).

6.4 Lithium ions.

The Lithium ion record was of particular interest as most samples contained no measurable
concentration however in a few samples it peaked very clearly. These few peaks aligned with winter-
peaking ions, such as K*, and it is assumed that the measured Li* comes from sea salt and dust. It is
unclear what would cause the lithium to appear only four times in the core, as these occurrences did
not appear to coincide with notable events in the climate variability modes discussed in Section 6.2.

The most defined Li* peak was in early 2009, with another less defined peak in early- to mid-2008.
The summer of 2008-09 had, simultaneously, strong positive phases of both the Southern Oscillation
index and the Southern Annular Mode (Tedesco & Monaghan 2009), however this was not the case
in the previous year and it is not a clear cause for these peaks. Low sea ice cover was measured in
west Antarctic polynias in the austral summers of 2002/03, 2007/08 and 2009/10 which may provide
a better explanation for the Li* peaks but is far from equivocal (Criscitiello et al. 2013). In 2009 the
Antarctic snowmelt index (number of melting days times the melt area) set a new historical minimum
based on the period 1980-2009 but this does not relate to earlier Li* data (Tedesco & Monaghan
2009).

With so little Li* data, and no outstanding correlation to climate events, the cause of the Li* variability
remains undetermined.

6.5 Accumulation rate.

The mean accumulation rate for the site, around 25 cm w.e. yr'l, is within the range of other data
from sites in the region. In particular, these values are similar to those obtained from a firn core at
Styx Glacier at a similar altitude; 20.3 g cm™ yr™* (range of 11.1-33.5 g cm™ yr") (Stenni et al. 2000).

27



With the available resolution of the radargram it was challenging to reliably count the reflectance
horizons. The best possible interpretations of the data found an average of around one horizon per
vertical metre of depth. Based on this, it is not possible to align reflectance horizons with annual
layers at this site. This would imply that researchers must rely on further firn and ice core studies to,
or rely on radar data of higher frequency, to extend accumulation rate data in the region. If
additional radar images of higher resolution were available, it may be possible to more accurately
count horizons and determine accumulation rates.

7. Conclusions.

The WAIS is theoretically unstable and many of its glaciers have retreated in the past two decades.
Although significant advances have been made in understanding and modelling climate and glacial
processes in the region, much remains unknown. The triple ice divide between Pine Island Glacier,
Institute Ice Stream and Rutford Ice Stream on the WAIS is of particular interest to glaciologists
because a substantial volume of west Antarctic ice drains via these three glaciers. At present, little is
known of the accumulation rate in the region, and a better understanding of this may improve
knowledge of ice flow and of WAIS stability, more broadly.

The shallow firn core drilled at the PIR divide was severely impacted by post-drilling melt.
Nonetheless, the ion and stable isotope measurements proved suitable for annual layer counting,
with seasonal cycles evident in the stable isotope time series and in both the summer- and the
winter-peaking species. Sea salt and dust related species were found to peak in winter and the
biogenic species and nitrate were found to peak in summer, a result which agrees with many other
studies. The accumulation rate was calculated to be around 25 cm w.e. yr* based on the 18 summer
peaks identified. This value could differ by up to two years, due to melt-related uncertainties, which
would result in a different annual accumulation rate.

It does not seem likely that the radargram reflectance horizons are annual, based on the calculated
accumulation rate and accounting for a melt-induced error margin. As such, the PIR divide radargram
is not suitable for analysing accumulation rates over greater spatial and temporal ranges.

Variability in the amplitude of ion concentration peaks did not appear to align clearly with any
particular climate parameter. Anomalous peaks in ion concentrations have been seen in similar
studies and are most likely resulting from short-lived weather events or from melt influence in the
core.

This site is well located for studying WAIS dynamics, and the results of this study indicate that the ion
and stable isotope data are seasonally cyclic and useful for annual layer counting. This site may,
subsequently, offer more research possibilities in the future.
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8. Further research.

Despite the enormous advances which have been made in Antarctic climate studies, the current
distribution of firn and ice cores undersamples the spatial variability of the continent (Medley et al.
2013, Siegert & Payne 2004, Spikes et al. 2004). As such, any additional accumulation rate
information is advantageous. Data pertaining to the WAIS, and specifically to complex junctions such
as the PIR divide, is necessary to better understand and model glacial flow and stability.

Specific to the PIR divide site, it would be beneficial to obtain another core to analyse without the
influence of melt. From this, accumulation rates could be measured with greater certainty. There
were no distinct index horizons through this firn core. Based on the average annual accumulation
rate that was measured and assuming, conservatively, a firn density of 0.350 g cm™, further cores at
this site could be drilled to over 959.1 cm depth (287.1 cm beyond this core) to reach the 1992-93
austral summer where the Pinatubo eruption (1991) should register (Hoshina et al. 2014). This would
provide confirmation of accumulation rate measurements.

In addition, a higher resolution radargram could be measured to better confirm the relationship
between reflectance and annual layers. If reflectance horizons were found to correspond with years
of snow accumulation, then the accumulation rates could be identified over greater distances and
depths.

There is endless scope for further research in this little-known region of the world, but more
accumulation rate data is a good place to begin.
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11. Appendix

Appendix 1: This plot shows the ratio of sodium to chloride, as measured (blue dots, dark blue trendline) and in standard
sea salt (red trendline) in sea water (Keene et al. 1986).
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Appendix 2: This plot shows the Deuterium Excess time series, calculated for the PIR Divide based on the 6D and 5%0 data.
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Appendix 3: Plot comparing PIR divide ion and stable isotope data with data from another site in West Antarctica
(Criscitiello et al. 2013).The top plot is PIR divide summer peaking ions; orange is NO3, purple is nssSOf', pink is MISA.The
second plot is PIR divide winter peaking ions; Green potassium, red sodium, blue chloride. The third plot is PIR divide 5%0.
The lower three plots are labelled, and come from Criscitiello et al. (2013). The pink shading shows the year from winter
2007 to winter 2008 in both datasets. The timing of the anomalous peak, relative to summer 2007/08 is different.
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