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ABSTRACT

This work presents the refractory black carbon (rBC) results of a snow and firn core drilled in West Antarctica
(79°55'34.6"S, 94°21'13.3"W) during the 201415 austral summer, collected by Brazilian researchers as part of the First
Brazilian West Antarctic Ice Sheet Traverse. The core was drilled to a depth of 20 m, and we present the results of the first
8 m by comparing two subsampling methods—solid-state cutting and continuous melting—both with discrete sampling.
The core was analyzed at the Department of Geological Sciences, Central Washington University (CWU), WA, USA, using
a single particle soot photometer (SP2) coupled to a CETAC Marin-5 nebulizer. The continuous melting system was
recently assembled at CWU and these are its first results. We also present experimental results regarding SP2
reproducibility, indicating that sample concentration has a greater influence than the analysis time on the reproducibility for
low rBC concentrations, like those found in the Antarctic core. Dating was carried out using mainly the rBC variation and
sulfur, sodium and strontium as secondary parameters, giving the core 17 years (1998—2014). The data show a well-defined
seasonality of rBC concentrations for these first meters, with geometric mean summer/fall concentrations of 0.016 pg L-!
and geometric mean winter/spring concentrations of 0.063 pg L-!. The annual rBC concentration geometric mean was
0.029 pg L1 (the lowest of all rBC cores in Antarctica referenced in this work), while the annual rBC flux was 6.1 ug m=2 yr~!
(the lowest flux in West Antarctica records so far).
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Article Highlights:

¢ The continuous melting system with discrete sampling is a faster and reliable way of analyzing low rBC concentration
samples.

¢ The record showed a well-defined seasonal signal for black carbon, with higher concentrations during the Southern
Hemisphere dry season.

¢ The sample concentration influences the analysis reproducibility more than the analysis time.

¢ The annual black carbon concentration was lower than other West Antarctic records and comparable to high-elevation
East Antarctica ice cores.

Introduction

tion have been observed in ice sheets and caps around the

Black carbon (BC) is a carbonaceous aerosol formed dur-
ing the incomplete combustion of biomass and fossil fuels,
characterized by strong absorption of visible light and resist-
ance to chemical transformation (Petzold et al., 2013).
Increases in BC concentrations since the industrial revolu-
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world, with direct implications for the planetary albedo
(Hansen and Nazarenko, 2004; Bice et al., 2009; Bond et
al., 2013).

Approximately 80% of Southern Hemisphere BC emis-
sions are from in-situ biomass burning, mainly from forest
and savannah deforestation (Bice et al., 2009), with
80%-95% of this burning being human-related (Lauk and
Erb, 2009). Ice cores retrieved from the Antarctic continent
record these Southern Hemisphere emissions and long-
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range transport of BC from low- and midlatitudes (Bisiaux
et al., 2012a, b). Long-range transport of BC from low- and
midlatitudes to the polar ice caps is possible due to BC’s insol-
ubility, graphite-like structure and small size (< 10 nm to 50
nm diameter), resulting in low chemical reactivity in the atmo-
sphere and slow removal by clouds and precipitation unless
coated with water-soluble compounds (Petzold et al., 2013).
BC concentrations in Antarctica have already been linked to
biomass burning from South America, Africa and Australia
(Koch et al., 2007; Stohl and Sodemann, 2010; Arienzo et
al., 2017). Although there are records of Southern Hemi-
sphere paleo-biomass burning (Marlon et al., 2008, 2016;
Wang et al., 2010; Osmont et al., 2018a), there are only a
few recent publications on BC variability in ice cores from
Antarctica (Bisiaux et al., 2012a, b; Arienzo et al., 2017).
More ice core records from different time scales are needed
to understand the spatial variability of BC transport to, and
deposition in, Antarctica, as well as to improve general circu-
lation models (Bisiaux et al., 2012b).

This work discusses two subsampling methods [solid-
state cutting (SSC) and a continuous melting system
(CMS)], and the system setup, used to analyze refractory
black carbon (rBC) in the first eight sections of a snow and
firn core collected in West Antarctica. A preliminary environ-
mental interpretation is also presented.

2. Site description and field campaign

The core was drilled on the Pine Island Glacier at
(79°55'34.6"S, 94°21'13.3"W; elevation: 2122 MSL), near
the Mount Johns Nunatak (located 70 km northeast of the
drilling site) where the ice thickness is 2400 + 300 m
(Fretwell et al., 2013) (Fig. 1). The majority of air masses
arrive from the Amundsen Sea and, secondarily, from
across the Antarctic Peninsula and Weddell Sea (Schwanck
et al., 2017). As stated by Schwanck et al. (2016b), the site
was chosen due to (1) its relatively high accumulation rate
(0.21 water equivalent meters per year); (2) it is a drainage
basin divide (between the Pine Island and Institute Glacier);
and (3) it is an area where air masses from the Weddell,
Amundsen and Bellingshausen seas converge. It is located
approximately 350 km from the West Antarctic Ice Sheet
(WAIS) Divide drilling site, from where Bisiaux et al.
(2012b) recovered the first, and until now, only high-tem-
poral-resolution rBC record from West Antarctica covering
recent decades.

The drilling was part of the First Brazilian West Antarc-
tic Ice Sheet Traverse, carried out in the austral summer of
2014-15 along a 1440-km route from Union Glacier
(79°46'05" S, 83°15'42" W) in the Ellsworth Mountains, to
the automated Brazilian atmospheric module Criosfera 1
(84°00'S, 79°30'W), and then to the Mount Johns area
(79°55'34.6"S, 94°21'13.3"W). We used a Mark III auger
(Kovacs Enterprises, Inc., Roseburg, OR, USA) coupled
with an electrical drive powered by a generator (kept down-
wind at a minimum of 30 m away) to retrieve all cores in
the traverse. The core presented in this study (TTO7) was
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drilled from the surface to a total depth of 20.16 m, divided
in 21 sections of less than 1 m each. The borehole temperat-
ure was —34°C, measured at 12 m deep by a probe previ-
ously calibrated that remained in the borehole for at least 8 h.

All sections of the core were weighed in the field,
packed in polyethylene bags and then stored in high-dens-
ity styrofoam boxes. These boxes were sent by air to Punta
Arenas (Chile), then to a deposit in Bangor (USA) for stor-
age, and finally to the Central Washington University
(CWU) Ice Core Laboratory (Ellensburg, WA), where it
was kept at —18°C in a clean, cold room until subsampling
and analysis.

3. Materials and methods

3.1. rBC analysis in snow and ice samples

We used an extended range single particle soot photo-
meter (SP2, Droplet Measurement Technologies, Boulder,
CO, USA) to analyze the core, and thereby our results are
measurements of rBC (Petzold et al., 2013). The particle
sizerange detected by the SP2 at CWU was 80—2000 nm (mass-
equivalent diameter) for the incandescent signal, assuming a
void-free BC density of 1.8 g cm™3 (Moteki and Kondo,
2010).

The SP2 was initially designed to measure rBC in the
atmosphere, and then adapted to analyze snow and ice
samples. It was first used by McConnell et al. (2007) to ana-
lyze an ice core retrieved from Greenland spanning
1788—-2000 AD, and since then the method has been applied
in numerous studies (Kaspari et al., 2011; Bisiaux et al.,
2012a, b; Kaspari et al., 2014, 2015; Casey et al., 2017;
Osmont et al., 2018a, b; Sigl et al., 2018). As the system
was designed to analyze airborne samples, it is necessary to
add an aerosolization step in order to analyze the snow and
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Fig. 1. Drilling location for the snow and firn core analyzed in
this work (TTO7) and other BC cores mentioned in the text.
The bottom-left inset shows the drilling site in perspective to
South America. Base map from the Quantarctica Project
(Matsuoka et al., 2018).
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ice meltwater (Wendl et al., 2014).

For the SP2 external calibration (Wendl et al., 2014),
five fresh standards ranging from 0.01 to 1.0 ug L-! were pre-
pared every day in glass jars, by diluting a 4585.6 pg L-!
Aquadag stock in Milli-Q water (MilliQ-Element, Milli-
pore, Milford, USA, 18.2 MQ cm) previously sonicated for
15 min. Aquadag (Acheson Industries Inc., Port Huron, MI,
USA) is an industrial, graphite-based lubricant consisting of
a colloidal suspension of aggregates of graphitic carbon in
water, with a content of BC between 71% and 76% of solid
mass, proven suitable for calibration standards by Wendl et
al. (2014).

An environmental standard (diluted meltwater of a
snow sample from Table Mountain, WY, USA) of known con-
centration (0.18 + 0.04 pg L-!) was also analyzed every
day, to ensure there were no mistakes when preparing the
Aquadag standards. The Aquadag stock and the environ-
mental standard were kept in closed glass jars and refriger-
ated at ~5°C when not in use, and sonicated for 15 min prior
to usage. For the nebulization step we used a CETAC
Marin-5, described by Mori et al. (2016).

Internal calibration of the SP2 (Wendl et al., 2014) was
carried out using a known polydisperse BC standard of
aqueous Aquadag diluted in Milli-Q water. The Aquadag solu-
tion was nebulized, and then passed through a sillica diffu-
sion drier (to remove moisture) and an Xx-ray source
(Advanced Aerosol Neutralizer Model 3088, TSI Inc., MN,
USA) to neutralize particle charges before entering a centrifu-
gal particle mass analyzer (CPMA), similar to the set up in
Olfert et al. (2007) but without the differential mobility ana-
lyzer. The CPMA was configured to select 23 particle
masses from 0.5 fg to 800 fg. Each selected mass ran for
30 min to 6 h to provide statistically significant particle trig-
gers to calibrate the SP2, and calibration curves were then
generated for all SP2 channels. The data presented here are
from the duplicated extended range broadband detector, as
this channel gave the best-fit calibration curve of all chan-
nels, with a precise fitting in the lower end of the particle
mass range. For more details on the calibration, see Table
S1 and Fig. S1 in the electronic supplementary material
(ESM).

3.2. Sample preparation

The sample preparation process consisted of removing
the outer layers of the core, as these are prone to contamina-
tion during drilling, handling and transport of the core (Tao
etal.,2001). Antarctic samples are especially sensitive to con-
tamination owing to the very low concentrations of ana-
lytes commonly observed in them. Previous works have
shown rBC concentrations in West Antarctic snow to be as
low as 0.01 pg L1 (Bisiaux et al., 2012b). Regular, intens-
ive cleaning was carried out inside the cold room for all sur-
faces/parts/equipment in contact with the core using eth-
anol and laboratory-grade paper tissues. Tyvek suits
(DuPont, Wilmington, DE, USA) and sterile plastic gloves
were used at all times in the cold room during the core pro-
cessing. Vials used to store the samples (50-mL polypropyl-
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ene vials) were soaked in Milli-Q water for 24 h and rinsed
three times. This process was repeated two more times, in a
total of three days soaked in Milli-Q water and nine rinses.
The vials were left to dry, covered from direct contact, in
the laboratory.

We used two different methods to analyze the core in
order to compare them: SSC and a CMS. We partitioned the
21 sections of the core longitudinally, using a bandsaw with
a meat grade, stainless steel bandsaw blade, and samples
from the same depths were prepared using SSC and the
CMS (the cut plan is presented in Fig. S2 in ESM). For
every cutting session, a Milli-Q ice stick, previously pre-
pared, was cut in the beginning, to guarantee a clean blade
for the snow and firn core. For both methods, we hand-
scraped the resulting snow and firn sticks with a clean
ceramic knife, to remove the outer snow/firn layer (2-4
mm). This process was carried out in a laminar flow hood,
still in the cold room.

32.1. §SC

The SSC method consisted of cutting the hand-scraped
snow and firn sticks in 2—2.5-cm samples with a ceramic
knife, resulting in ~40 samples (of 6-8 mL each) per sec-
tion. This process was also carried out in the laminar flow
hood. We stored the samples in pre-cleaned 50-mL polypro-
pylene vials and kept them frozen until analysis.

Samples were melted at room temperature or in a tepid
bath not exceeding 25°C, sonicated for 15 min, and then ana-
lyzed (in less than 1 h after melting).

3.2.2. The CMS

We assembled a CMS at the CWU Ice Core Laborat-
ory, based on the system developed at the Climate Change
Institute (CCI), University of Maine, USA—described in
detail in Osterberg et al. (2006) and used by Schwanck et al.
(20164, b, 2017). The main advantage of the CMS com-
pared to SSC is the reduced handling of samples.

The inner part of the core was collected with a fraction
collector in pre-cleaned 50-mL polypropylene vials for rBC
analysis, resulting in ~43 samples (of 6—10 mL each) per sec-
tion. The outer part of the core was discarded. The samples
were kept refrigerated at 5°C until the time of analysis, and
were then sonicated for 15 min and analyzed (less than 2 h
after melting). As the flow remained constant, the sample
depth was calculated by dividing the length of each section
by the number of resulting samples.

The main differences between the melting system used
at CCI and the one assembled at CWU are:

(1) The system was built to only collect samples for
rBC, meaning we only collect the melting water from the
inside ring of the melting head. This also means we only
use two peristaltic pumps—one for the inside ring and
another for the outside ring (wastewater).

(2) The melting disk at CWU is made of aluminum (not
nickel); as we are not analyzing samples for heavy metals,
there is no need for a high-purity nickel disk.

(3) As samples are less prone to BC contamination in
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comparison to trace-element contamination, the fraction col-
lector linked to the melting system sits on a normal lab
bench, not in a flow hood.

(4) The melting head temperature during use is set to
10°C-15°C (instead of 15°C-20°C as commonly used at
CCI). Higher temperatures generate persistent wicking pro-
cesses, and this lower temperature range causes less of a prob-
lem (although wicking never stops completely). Due to time
constraints related to the assembling and testing of the con-
tinuous melter, we could only prepare and analyze eight sec-
tions with this method.

3.3. Whole-system setup

After melting, the sample is dispensed to the Marin-5
nebulizer by a Regro Digital peristaltic pump (ISMATEC,
Wertheim, Germany) at 0.14 + 0.02 mL min~! and mon-
itored by a TruFlo Sample Monitor (Glass Expansion, Port
Melbourne, Australia). The Marin-5 nebulizer receives stand-
ard laboratory air at 1000 sccm (1.000 L min~!), regulated
by an Alicat Flow Controller (Alicat Scientific, Tucson, AZ,
USA) connected to a Drierite Gas Purifier, which removes
any moisture or particulates from the air. The nebulizer heat-
ing and cooling temperatures are set to 110°C and 5°C,
respectively, following Mori et al. (2016). We used Tygon
Long Flex Life (LFL) tubing ID 1.02 mm (Saint-Gobain Per-
formance Plastics, France) for sample to nebulizer connec-
tion.

The SP2 flow was maintained at 120 volumetric
cm3 min~! (veem). YAG laser power for this project stayed
constant above 5.0 V.

Procedural blanks (MQ water) were run at the begin-
ning and end of every working day, and also every 15—
20 samples. Background levels were kept at 0-0.5 particles
cm3 and a 5% nitric acid solution was used for cleaning the
tubing and nebulizer when needed. For the SP2 to return to
background levels, only MQ water was used. Peristaltic
pump tubing replacement was necessary only once during
the process.

The limit of detection (LOD) of the method was estim-
ated to be 1.61 x 10-3 pg L1, based on procedural blanks
measured to characterize the instrument detection limit
(mean + 30, n = 30).

Samples were analyzed for 5 min each, with a whole-sys-
tem reproducibility test carried out to assess the uncertainty
related to the method. This test is presented in section 4.4.

Data processing was performed with the SP2 Toolkit
4.200 developed by the Laboratory of Atmospheric Chem-
istry at the Paul Scherer Institute, and was used on the
IGOR Pro version 6.3 scientific data analysis software.

3.4. Fire-spots database

To help define the dating of the core, we compared our
rBC results with fire spots (number of active fires) detected
by satellites for the Sentinel Hotspots program (Geoscience
Australia, Australia, available at https://sentinel.ga.gov.au/)
and Programa Queimadas (Instituto Nacional de Pesquisas
Espaciais, Brazil, available at http://www.inpe.br/queima-
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das/portal). Both systems use the MODIS, AVHRR and
VIIRS sensors to pinpoint fire spots. Sentinel Hotspots
presents data from 2002 to present and covers Australia and
New Zealand, while Programa Queimadas has data from
1998 to present, and covers all South American countries.

Although Africa has the highest total BC emissions of
the Southern Hemisphere, the continent contributes little to
BC in Antarctica because emissions are located further
north than South American and Australian emissions (Stohl
and Sodemann, 2010).

Even though the parameter “fire spot” used in both Aus-
tralian and Brazilian fire monitoring programs does not trans-
late directly to the dimension and intensity of the biomass
burning events, it holds a correlation with burned area
(Andelaet al., 2017), and so we consider it useful to our com-
parison.

3.5. rBC concentrations and fluxes

The frequency distributions of the TT07 core rBC concen-
trations were determined to be lognormal, and so we present
geometric means and geometric standard deviations because
these are more appropriate than arithmetic calculations
(Limpert et al., 2001; Bisiaux et al., 2012a). Note that the geo-
metric standard deviation is the multiplicative standard devi-
ation (o*), so the 68.3% confidence interval is calculated as
omin.,,. = geometric mean X geometric standard deviation,
and omax,,,. = geometric mean / geometric standard devi-
ation (Limpert et al., 2001).

We present our data as summer/fall (dry season) concen-
trations and winter/spring (wet season) concentrations.
Wet/dry season concentrations and annual concentration geo-
metric means and standard deviations were calculated in the
raw rBC measurements using the dating carried out to separ-
ate years and rBC concentration variations to pinpoint the
changes from dry season to wet season, and vice versa.
Monthly mean concentrations were calculated by applying a
linear interpolation in the raw measurements.

rBC fluxes were calculated by multiplying annual rBC
means by annual snow accumulation. Annual snow accumula-
tion was estimated based on our field measurements and the
density profile from another 45-m-deep core drilled in the
same area studied by Schwanck et al. (2016b) (described in
section 4.1).

4. Results and discussion

4.1. Core description

During transport between Antarctica and the Uni-
versity of Maine the core was exposed to above-freezing tem-
peratures and some sections were partially melted and
refrozen. As the core was transported lying down in the
boxes, this melt and refreeze occurred in the external part of
the core and did not reach the center of it. The melted and
refrozen portion of the core was removed by saw and hand
scraping, and only a small 10-cm piece of section 07 was dis-
carded as it was totally refrozen.
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We used an ice core light table to observe the core strati-
graphy. Millimeter-thick lenses of ice were observed all
along the core, probably due to summer melting. Addition-
ally, a few depth hoar layers up to 1 cm thick were
observed. There were no visible dust layers.

The core density ranged from 0.38 to 0.60 g cm™3, not
reaching the firn/ice transition of 0.83 g cm=3 (Fig. 2). We
averaged the TTO7 density profile with the density profile
of another core drilled in the same area of Antarctica (45 m
deep; Schwanck et al., 2016b), fitted a quadratic trend line
to the average curve, and used this trend line to calculate the
snow accumulation, water equivalent (weq), and rBC fluxes
for this work. We found an average snow accumulation of
0.23 £ 0.06 weq m yr~! for the entire core, so the 20.16-m
length core represents 10.65 weq m. For the 8 m analyzed in
this work, the snow accumulation was 0.21 + 0.04 weq m.

4.2. Dating

The first eight sections of the core, presented in this
work, were dated to 17 years by annual-layer counting
using mainly the rBC seasonal variability, as this is a reli-
able parameter for dating (Winstrup et al., 2017). Data from
Sentinel Hotspots indicate fires in Australia tend to peak in
October, with the seasonal increase in fire activity occur-
ring in August and the decrease in December/January. The
Programa Queimadas data show that fires in South Amer-
ica tend to peak in September, with the seasonal increase in
fire activity occurring in June/July and the decrease in Novem-
ber/December. A comparison between the seasonality of burn-
ing and the TTO7 rBC record is presented in Fig. S3 in
ESM.

As a support to this, we used sulfur (S), strontium (Sr)
and sodium (Na), as these records show the more pro-
nounced seasonal variability at the site (Schwanck et al.,
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2017), although we only had these analyzed down to ~7 m
of the core. Also, the S, Sr and Na records are from a differ-
ent core, retrieved a meter apart from the rBC core, and that
core was subsampled and analyzed in another laboratory
(CCI), meaning there could be some displacement from this
record to the rBC one. The dating is presented in Fig. 3.

BC in Antarctica tends to peak during winter—spring
(dry season) owing to drier conditions in the Southern Hemi-
sphere and a consequent increase in biomass burning (Bisi-
aux et al., 2012b; Sand et al., 2017; Winstrup et al., 2017).
Na and Sr also peak during this time, due to intense atmo-
spheric circulation and transport (Legrand and Mayewski,
1997), while S peaks in late austral summer in relation to mar-
ine biogenic activity (Schwanck et al., 2017). We con-
sidered our new year to match the end of what we define as
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Fig. 2. Density profile of the snow and firn core analyzed.
Depth is presented in meters and water equivalent (weq)
meters. The quadratic fit was calculated from the average
density profile from this work and from Schwanck et al.
(2016b).

Depth (m)

Fig. 3. Dating of the snow and firn core based on BC, S, Sr and Na records.
Dashed lines indicate the estimated New Year. In this figure, we present the
BC record from the CMS, as this was smoother than that from SSC. Gray
shaded areas are the dry-season (winter/spring) concentrations, while white
areas are the wet-season (summer/fall) concentrations.
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the dry season, as this is a reliable tying point in the record
because of the abrupt drop in rBC concentrations based on
the fire-spot database from Australia and South America.
This is also in agreement with Winstrup et al. (2017), who
stated that rBC tends to peak a little earlier than New Year
in their records (Roosevelt Island Ice Core).

4.3. Nebulization efficiency

The nebulization efficiency for the Marin-5 at CWU
was calculated to be 68.31% = 591% (lo), based on
external calibration carried out every working day using the
Aquadag standards (see section 3.1). We found a decrease
in nebulization efficiency during the laboratory work period
(-0.31% per working day or —13.3% over the 43 working
days), but we assume the nebulization efficiency to have
remained stable between the measurement of the standard
and the samples measured for the day, as in Katich et al.
(2017). We attribute this decrease to the Marin-5, but do not
see any apparent cause. Pump flow rates were kept constant
at 0.14 £ 0.02 mL min~! at all times during analysis. This res-
ult highlights the importance of making daily Aquadag stand-
ards.

4.4. Whole-system repeatability

Samples were analyzed for 5 min each. Although a low
particle count could increase the uncertainty of the method,
we noticed that the measurements did not vary significantly
in relation to analysis time, but much more so in relation to
the sample average concentration itself.

To address this issue, we analyzed samples of varied
rBC concentrations along the entire core more than once
and for different periods of time. Each sample was ana-
lyzed between two and four times, for 5, 20 and/or 40 min.
The samples were analyzed less than 2 h after melting to
avoid rBC loss (Wendl et al., 2014).

While we observed no significant concentration vari-
ations for different analysis times (Fig. 4), our coefficient of
variation (mean of all measurements of the sample x stand-
ard deviation) for concentrations lower than 0.03 pg L-!
was 25.7 £ 16.9 (10, n = 38), 10.4 £ 6.6 (10, n = 24) for con-
centrations between 0.03 and 0.07 pg L', and 7.3 + 4.4 (1o,
n = 51) for concentrations higher than 0.07 pg L-! (Fig. 5).

We attribute this variation to the number of collected
particles in each sample: low-concentration samples mean
low particle triggers, which will lead to a higher variance in
case rare particles large enough to contain a considerable frac-
tion of total rBC mass are recorded.

4.5. rBC concentrations and fluxes

We found a well-marked seasonal rBC cycle along the
core (Fig. 6), with the same pattern of low summer/fall and
high winter/spring concentrations as reported by Bisiaux et
al. (2012b).

As we collected our samples in January and the drilling
was carried out from the snow surface, our core starts approx-
imately in the New Year. As mentioned earlier, BC in Antarc-
tica tends to peak during winter/spring, and so the New
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Year in the record is generally viewed as a steep decrease
from peak concentrations to low concentrations. This was bet-
ter observed in the CMS samples than the SSC ones for the
2014-15 transition.

Both sampling methods showed similar seasonality, but
the CMS provided a smoother record (e.g., less summer/fall
spikes) and a generally lower summer/fall concentration.
Table 1 presents the details of this comparison. We attrib-
ute the smoother record to reduced handling of the core, as
with SSC the individual samples were handled after decon-
tamination to put them in the clean vials, which could have
caused cross-contamination between samples to some
degree. Nonetheless, a Wilcoxon—Mann—Whitney test indic-
ated there to be no statistical difference between the two
sample datasets at p = 0.01 (N = 650; two-tailed P-value =
0.449758; see Methods S1 in ESM).

For SSC, concentrations ranged from 0.003 pg L-! to
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Fig. 4. Changes in BC concentration (y-axis; 1 = 100%) for
different BC concentrations (x-axis) for the three different
analysis times. Note that when analyzing low-concentration
samples (< 0.03 pg L-1), even for long times (40 min) the
changes in BC concentrations are significant. Values are
relative to the first measurement taken of each sample.
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Table 1. Main results from the comparison between SSC and the CMS. All values are in units of pg L-!. “Geomean” refers to the
geometric mean, and 1¢o* is the multiplicative standard deviation, representing 68.3% of the variability (Limpert et al., 2001; Bisiaux et
al., 2012a).
Solid-state sampling Continuous melting system
Total?
Geomean 0.031 0.029
1o* interval 0.013-0.073 0.011-0.076
Lowest/highest conc. 0.003/0.701 0.001/0.262
Wet-season
Geomean 0.019 0.016
1o* interval 0.011-0.032 0.008-0.027
Lowest/highest 0.003/0.083 0.001/0.071
Dry-season
Geomean 0.065 0.074
1o* interval 0.029-0.121 0.035-0.128
Lowest/highest 0.007/0.701 0.014/0.262

aAll samples from section 1 of the core (surface) down to section 8 (around 8 m deep). Total number for solid-state sampling is 307,

and for continuous melting system is 343.

0.701 pug L1, with a geometric mean of 0.031 g L! (n =
307). Concentrations using the CMS ranged from < LOD
(0.0015 pg L1 to 0.262 pg L1, with a geometric mean of
0.029 pg L1 (n = 343).

Summer/fall averages for both methods were also sim-
ilar, with differences regarding summer/fall highest values
due to concentration peaks in the SSC method that did not
alter the mean significantly. Winter geometric means were
similar for both methods (CMS = 0.074 pg L-!; SSC =
0.065 pg L-1); the winter maximum showed a pronounced dif-
ference owing to an anomalous peak around the depth of 3
m, wherein the discrete sampling two consecutive samples
achieved 0.701 pg L~! and 0.568 ug L-!, while the continu-
ous melter gave a maximum of 0.147 pg L-! for the same
depth. This almost five-fold difference did not appear any-
where else in the core, probably reflecting contamination in
the samples, and thus these two SSC samples are not con-
sidered in further interpretations.

Figure 7 shows a dry- versus wet-season comparison
for both methods. The results are similar for both methods:
summer/fall values remain fairly steady for the entire

record; winter/spring concentrations show an initial peak in
1998 and 1999 AD, followed by a low in 2002 and an increas-
ing trend from 2002 to 2014—more visible in the CMS
record (but with a weak r2 of 0.2478, not shown).

Annual rBC fluxes were calculated to account for poten-
tial biases in annual rBC concentrations due to changes in
snow accumulation rates. Fluxes were calculated by multiply-
ing annual rBC concentrations by the annual snow accumula-
tion. rBC annual concentrations were averaged from SSC
and the CMS. Concentrations and fluxes followed a similar
pattern, implying low variability in snow accumulation dur-
ing the study period (Fig. 8).

4.6. Comparison with other rBC cores in Antarctica

Table 2 compares our results with other rBC records in
Antarctica. East Antarctica cores [NUSOX from Bisiaux et
al. (2012a)] present the highest elevations and annual rBC
concentrations, but the lowest snow accumulation, in recent
times (~1800—-2000). The authors found a linear positive cor-
relation between site elevation and rBC concentrations for
the NUSO7 cores, of 0.025 pug L~! (500 m)~!, and hypothes-
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ized that rBC inputs to the atmosphere over East Antarctica
are not controlled by the intrusion of marine air masses and
that transport in the upper troposphere may be more import-
ant.

Arienzo etal. (2017) found an even higher annual rBC con-
centration for the coastal site B40 (0.3 ug L-!), where the
flux was calculated to be 20 pg m=2 yr~1. As BC is primarily
deposited through wet deposition (Flanner et al., 2007), the
authors attributed the higher accumulation in coastal areas to
the scavenging of most of the BC, with fluxes lowering
inland as the accumulation rates decreased.

Arienzo et al. (2017) also found high rBC fluxes for the
WAIS ice core for the end of the last glaciation termination
(14-12 kBP, 25 pg m=2 yr-!) and for the mid-Holocene
(12-6 kBP, 45 pug m=2 yr~1). The authors attributed the high
rBC fluxes in the past to a period of relatively high austral-
burning-season and low growing-season insolation.

The WAIS ice core (Bisiaux et al., 2012b; Arienzo et al.,
2017) is the closest to TTO7 (350 km apart). Although the
annual snow accumulation is similar at both sites (0.21 +
0.04 weq m yr~! for TTO7 in this work; 0.20 + 0.03 weq m~!
for WAIS), our annual rBC concentration is less than half
that of WAIS during 1850-2001 (0.031 pg L-! for TTO7;

Table 2. Coordinates, elevation, period covered and BC information for this study and previous works on Antarctic ice cores. To enable direct comparison, we only list studies that used the SP2.

BC flux
range (20)

Annual BC fluxes
(ng m2yr 1)

Annual accum.
(weq m yr!)
0.21 £0.04
0.20+0.03
0.15+0.03

BC conc.
range (20)?

Annual BC
conc. (ug L1

Period
covered
1998-2015
18502001
1850-2001
14-12 kBP
12—-6 kBP
2.5k-0BP
1800-2006

1800-1993

Elev.
(MSL)
2122

Lat./Long.

Location in
Antarctica

Core name

Source

2.6-14.6
9.8-24.4
7.3-30.6

0.01-0.07
0.05-0.12

0.029

79°55'S, 94°21'W
79°46'S, 112°08'W
66°73'S, 112°83'E
79°46'S, 112°08'W

West

TTO7

This study
Bisiaux et al. (2012b)

0.08

1766
1390
1766

West

WAIS
Law

13.5
25b
45b
20¢
8.3
3.9
34

0.05-0.2

0.09
0.12b

East

Dome

West

WAIS

Arienzo et al. (2017)

0.2b

0.3¢

70°0'S, 0°3'E 2911

East

B40
NUSO07-1

4.6t0 14.2

0.05+0.02
0.03 £ 0.01
0.02 £ 0.01

0.09 to
0.16 026

0.12
0.14

3174
3582
3619

73°43'S, 07°59'E
76°04'S, 22°28'E

Bisiaux et al. (2012b)

2.5-6.2
1.8-6.3

0.07-0.19

NUS07-2

0.08-0.26

1800-1989

78°39'S, 35°38'E

East

NUSO07-5
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0.08 pg L-! for WAIS). The rBC flux is also lower (6.1 pg
m~2 yr~! for TT07; 16 pg m=2 yr-! for WAIS), although we
acknowledge there is not a large temporal overlap between
the cores (three years, 1998—-2001).

5. Conclusions

This study shows that the CMS with discrete sampling
is a faster and more reliable way of analyzing low-dust con-
tent samples compared with SSC, despite samples sitting in
the liquid state for a longer period of time (maximum of 1 h
for SSC versus 2 h for the CMS). A long sample waiting-
time in the liquid state is normally not recommended
because of the possible changes in rBC concentrations
caused by particle adhesion to the vial walls and the agglomer-
ation of particles outside the SP2 detection range (Wendl et
al., 2014). However, in this work, the longer time did not
reflect any significant changes in rBC concentrations. The
CMS record was smoother than the SSC record, probably
due to the reduced handling of the snow and firn core dur-
ing sub-sampling. SSC, though, needs much less volume
than the CMS, which could be an advantage when working
with limited resources (samples). A Wilcoxon—-Mann—Whit-
ney test indicated there to be no statistical difference
between the results of the different methods at p = 0.01.

The record for these first 8§ m of the snow and firn core
shows a well-defined seasonal signal, with high rBC concen-
trations during the dry season (austral winter/spring) and
low concentrations during the wet season (austral
summer/fall). Both methods were able to identify these vari-
ations in rBC.

The TTO7 core showed an annual rBC concentration
below those of all other rBC cores in Antarctica referenced
in this work, and fluxes similar to high-elevation East Antarc-
tica ice cores (Bisiaux et al., 2012a).

Further studies addressing airmass trajectories are neces-
sary to understand this. Arienzo et al. (2017) related the BC
input to the WAIS core site to the intrusion of marine air
masses, in which case coastal areas should have higher BC
concentrations. Bisiaux et al. (2012a) suggested that trans-
port in the upper troposphere may be more important in
East Antarctica, in which case higher-elevation sites would
show higher BC concentrations. As the TTO7 site is located
at higher elevation than the WAIS core (2122 MSL versus
1766 MSL, respectively), but has lower rBC concentrations
and fluxes than WAIS, we postulate that the deposition of
BC at the site is more related to marine air masses than to
upper-tropospheric transport.
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