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Abstract. Antarctic ice cores have been used to study the

history of black carbon (BC), but little is known with re-

gards to the physical and chemical characteristics of these

particles in the remote atmosphere. Characterization remains

limited by ultra-trace concentrations in ice core samples and

the lack of adequate methods to isolate the particles unaltered

from the melt water. To investigate the physical and chemical

characteristics of these particles, we have developed a tan-

gential flow filtration (TFF) method combined with transmis-

sion electron microscopy (TEM). Tests using ultrapure water

and polystyrene latex particle standards resulted in excellent

blanks and significant particle recovery. This approach has

been applied to melt water from Antarctic ice cores as well

as tropical rain from Darwin, Australia with successful re-

sults: TEM analysis revealed a variety of BC particle mor-

phologies, insoluble coatings, and the attachment of BC to

mineral dust particles. The TFF-based concentration of these

particles has proven to give excellent results for TEM stud-

ies of BC particles in Antarctic ice cores and can be used for

future studies of insoluble aerosols in rainwater and ice core

samples.

1 Introduction

Carbonaceous aerosols emitted by combustion processes are

comprised of black carbon (BC) and organic matter. These

aerosols can stay suspended from days to weeks in the tro-

posphere and for over a year in the stratosphere (Buseck

and Adachi, 2008; Stohl and Sodemann, 2010). They impact

the radiative, physical, and chemical properties of the atmo-

sphere, affecting climate through direct optical effects and

indirectly through changes in cloud formation and structure

(Johnson et al., 2004). The contribution of BC to radiative

forcing is significantly affected by particle shape, size, and

mixing state, which is in turn affected by emission source

and aging in the atmosphere (Jacobson, 2001; Moffet and

Prather, 2009). Understanding the behavior of BC and other

carbonaceous aerosols in the remote atmosphere is important

for validating aerosol parameterization in general circulation

models (Koch et al., 2009). Wet deposition through rain and

snow is the primary removal process of BC from the atmo-

sphere (Bond et al., 2013), and has a large impact on BC’s at-

mospheric residence time and distribution (Hodnebrog et al.,

2014). Furthermore, when deposited to highly reflective sur-
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faces such as snow, the presence of BC can decrease surface

albedo and accelerate melting (Flanner et al., 2007; Hansen

and Nazarenko, 2004; McConnell et al., 2007). Therefore,

studies of BC in modern and historic rain, snow, and ice sam-

ples are needed to understand their modern atmospheric dis-

tribution and their presence in the paleo-atmosphere, and in

turn to study their impact on paleoclimate forcing and future

climate change.

Several methods exist for determining BC concentra-

tions in the atmosphere, such as optical absorption meth-

ods, thermo-optical analysis, photoacoustic absorption spec-

troscopy, and aerosol mass spectrometry (Slowik et al.,

2007). Single particle mass concentration and particle size

can be measured in real-time by single particle intracav-

ity laser-induced incandescence (SP2, Droplet Measurement

Technologies, Boulder, CO, USA). Black carbon particles

can also be characterized individually using electron mi-

croscopy (Pósfai et al., 1999). Many studies have mea-

sured BC abundance (as number and mass concentrations)

in the atmosphere (Schwarz et al., 2006). Transmission elec-

tron microscopy (TEM) coupled with electron energy loss

spectrometry (EELS) and energy-dispersive X-ray spectrom-

etry (EDS) have long been used to determine the size,

morphological, and elemental characteristics of atmospheric

aerosols (Pósfai et al., 1999). Scanning transmission elec-

tron microscopy (STEM) coupled with EDS has been used to

study aerosol particles (Utsunomiya and Ewing, 2003), with

high resolution imaging and STEM EDS mapping revealing

nanoscale inclusions in larger aerosols that would go unno-

ticed with traditional TEM imaging.

Previous studies have investigated BC mass concentrations

in rainwater (Ohata et al., 2011; Torres et al., 2013), snow

packs (Hegg et al., 2009; Warren and Clarke, 1990), and ice

cores (Bisiaux et al., 2012; McConnell et al., 2007), but little

data exists regarding the morphology, chemical composition,

and insoluble coatings of BC particles in rain and snow. This

is particularly true of aged, long-range transported particles

that have been deposited at the polar ice caps.

To the best of our knowledge, only one study has previ-

ously studied the morphology of carbonaceous aerosols in

precipitation. Murr et al. (2004) analyzed particles in ice

cores from the Greenland ice cap by melting the ice and de-

positing 180 mL of sample on a 5 mm TEM grid, a few mi-

croliters at a time. As made evident by this process, isolating

these particles for characterization is technically challeng-

ing, especially in ultra-clean Antarctic ice, where their abun-

dance is often less than 0.1 µg kg−1 (Bisiaux et al., 2012).

As Antarctic ice cores have substantially lower BC concen-

trations than that observed in Greenland ice, larger sample

volumes (> 1 L melt water) are necessary to acquire suffi-

cient particles for characterization, making this drop-by-drop

method impractical. Salts and other dissolved species cause

additional problems with the drop-by-drop method because

they are also deposited on the grid, coating it with large

amounts of unwanted material. When concentrated on TEM

grids, these precipitated particles can hinder the detection

and analysis of BC simply by obscuring particle morphology,

especially when BC is present in ultra-trace concentrations.

An ideal preconcentration method for insoluble BC par-

ticles in polar ice should be reasonably quick, concentrate

large volumes of ice melt water, remove salts, and keep the

particles in motion to limit aggregation. Tangential flow fil-

tration (TFF) is a technique that uses a continuous flow of

solution tangentially across a filter membrane to avoid sam-

ple build-up on the surface of the membrane (and subsequent

sample loss). Hollow fiber filters have been employed to con-

centrate environmental water samples (Benner et al., 1997;

Giovannoni et al., 1990) as well as nanoparticles for phar-

maceutical applications (Dalwadi et al., 2005). TFF has a

high particle recovery, can concentrate large sample volumes

(> 1 L) without membrane fouling, does not cause nanoparti-

cle aggregation, and can preserve fragile aerosol structures

(Benner et al., 1997; Dalwadi et al., 2005). An important

benefit of TFF to the study of BC particles is that it can con-

centrate particles whilst removing dissolved salts and other

species, depending on the pore size of the filter.

To study individual BC particles and other carbonaceous

aerosols in global precipitation, we investigated the use of

TFF to concentrate BC prior to analysis by TEM. Particle re-

covery rates and blanks were investigated using polystyrene

latex (PSL) particle standards and ultrapure water. Test sam-

ples included tropical rainwater from Darwin, Australia as

well as Antarctic ice cores. The rainwater provided an exam-

ple of equatorial wet deposition of particles, whereas Antarc-

tic ice provides both a modern example of polar deposition

as well as a historical record of these particles in the global

atmosphere.

2 Methodology

2.1 Clean room laboratory environment

Sample preparation and cleaning of laboratory and field

equipment was performed in the Trace Research and Ad-

vanced Clean Environment (TRACE) laboratory at Curtin

University. The TRACE facility is a 450 m2 clean-air labo-

ratory facility described by Burn et al. (2009). The facility

includes a large positive pressure clean-air exclusion space

(ISO Class 5) housing five smaller clean-air laboratory mod-

ules (ISO Class 4) including a cold laboratory module. With

the exception of the cold laboratory module, the modules

draw clean air from the exclusion space through a series of

high-efficiency particle air (HEPA) filters in the module roof.

Module air passes through the floor and either recirculates

back into the module and the exclusion space or is exhausted

through the base of clean air hood. Air inside the cold labo-

ratory module is filtered by a recirculating cryogenic air fil-

tration HEPA system. The BC concentration in the exclusion

space air was determined using a single-particle soot pho-

tometer (SP2) and found to be less than 1 BC particle m−3
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for particles with a mass equivalent diameter range of 70

to 700 nm (assuming a constant density of 1.8 g cc−1 as in

Schwarz et al., 2013).

Mechanical decontamination of ice core samples was con-

ducted in the TRACE cold laboratory module at −12 ◦C. All

other sample preparation and TEM grid preparation activi-

ties were conducted in a clean-air bench inside a laboratory

module.

The modules are fitted with an ultrapure water (UP,

ρ > 18.2 m�) system fed by a laboratory-wide reverse os-

mosis and deionized water supply. This water was used for

cleaning all laboratory benches, fittings, tubing, and plastic

ware. Melted samples were kept in Teflon or low-density

polyethylene (LDPE) bottles, filled and rinsed multiple times

with UP water. All surfaces were cleaned with UP water prior

to sample decontamination.

2.2 Reagents and materials

2.2.1 Blanks

The entirety of this concentration method was blank-tested

with laboratory-made UP ice. The blank ice was made by

freezing UP water in a cleaned 3 L perfluoro alkoxyalkane

container (PFA, Savillex). The ice was removed from the

container, cut into rectangles on a clean band saw in the cold

laboratory module, and bagged in plastic layflat bags. This

was to mimic the condition and treatment of the Antarctic

ice core samples.

2.2.2 Polystyrene latex particles

200 nm polystyrene latex (PSL) spheres (SPI Supplies, Struc-

ture Probe, Inc., West Chester, PA) were used to test the fil-

tration and microscopy method, as they can be suspended in

water and are readily identified on TEM grids.

2.2.3 Filters

50 kD pore size modified polyethersulfone (mPES) Hollow

Fiber Filters (HFFs, Spectrum Laboratories, California) with

20 cm2 membrane surface area, gamma irradiated for steril-

ity, were used to concentrate samples. The 50 kD (∼ 10 nm)

pore size was selected to retain as many particles as possible

while minimizing filtration time. Any soluble species or par-

ticulates smaller than 10 nm are removed from the solution

during filtration, including dissolved salts.

2.2.4 Grids

The TEM grids used for the study were SPI™ 300-mesh gold

grids with a continuous (non-porous) SiO2/SiO support film.

Gold was selected due to its resistance to corrosive UP wa-

ter. Additionally, the carbon coating on the traditional copper

TEM grids had irregularities that made distinguishing the ac-

tual carbonaceous sample difficult, and silicon dioxide coat-

ings did not interfere with identification of carbonaceous par-

ticles using EDS spectra.

2.3 Instrumentation

A scanning electron microscope (SEM) was used to look at

TEM grids prior to TEM analysis, to verify that sufficient

particles were present on the grid. Scanning electron mi-

croscopy was performed with a Zeiss Neon 40EsB FIBSEM

operated at 5 kV, located at Curtin University’s Microscopy

& Microanalysis Facility.

The transmission electron microscopy was performed on a

FEI Titan G2 80-200 TEM/STEM with ChemiSTEM Tech-

nology, which incorporates scanning transmission electron

microscopy (STEM) with ∼ 1 nm resolution EDS mapping.

Samples were imaged using both TEM and STEM, both op-

erating at 80 kV. This instrument is located at the University

of Western Australia. Additional imaging and spectroscopy

was performed on a JEOL 2100 TEM operated at 120 kV and

equipped with a Gatan Tridiem energy filter for EELS and

energy filtered transmission electron microscopy (EFTEM)

work.

2.4 Samples

2.4.1 Ice core samples

The DSS0506 ice core samples used in this study were col-

lected in the 2005–2006 austral summer from Law Dome,

East Antarctica. The ice core drilling location was at Dome

Summit South (DSS), and provides overlapping ice core to

the main DSS ice core (66◦46′11′′ S, 112◦48′25′′E, 1370 m

elevation). Ice and snow from this site have been the subjects

of a large number of studies (Burn-Nunes et al., 2011; Cur-

ran et al., 1998; Etheridge et al., 1996; Palmer et al., 2001;

Pedro et al., 2012; Vallelonga et al., 2002; van Ommen and

Morgan, 1996, 2010). The flux of BC deposition at the same

sampling site in Law Dome, East Antarctica has been quanti-

fied using an SP2 (Bisiaux et al., 2012). The ice core used in

this study was cut longitudinally into two parallel sections,

1 m long with a 5 cm by 5 cm cross-section. One section was

used for measuring trace ion chemicals and stable isotopes,

and the matching section was transported to the TRACE fa-

cility at Curtin University for BC studies. The ice was dated

by matching the dissolved ion chemistry and water stable

isotope records (δ18O) to the main DSS ice core record to

produce a depth age scale for DSS0506. The main DSS ice

core record was dated using annual layer counting and iden-

tification of volcanic horizons (Plummer et al., 2012). The

cores used in this study are DSS0506-38U from 70.5 m and

dated to 1930 CE, DSS0506-69U from 131.5 m and dated

to 1838 CE, and DSS0506-93U from 178.3 m and dated to

1759 CE. Approximately 1 cm of ice was removed from all

sides during decontamination, resulting in ∼ 1.5 to 2 L of

melt water.
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Hollow Fiber Filter cartridge

Filtrate (H2O, NaCl)
To waste

Preconcentrating
Sample

Retentate
Hollow Fibers

Figure 1. Tangential flow filtration setup for concentration of rain or

melted ice core sample H2O. Water sample recirculates through the

hollow fiber filter, with H2O and dissolved species removed through

open side port of filter cartridge.

2.4.2 Rain samples

Monsoon rain samples were collected in Darwin, in tropi-

cal northern Australia. The region experiences a dry season

(May–November) and a monsoonal wet season in the sum-

mer months (December–March) (Holland, 1986; Kaars et al.,

2000), and is in close proximity to equatorial Asian biomass

burning as well as annually occurring northern Australian

bushfires. The samples used to test this method were col-

lected on 8 and 11 April 2014, during the end of the wet pe-

riod in Darwin when large volumes of rain could be collected

in short periods of time. Rain was collected using an UP

water cleaned Teflon funnel with a 1 L cleaned low density

polyethylene bottle (LDPE, Nalgene) attached via a threaded

cap. The funnel was placed on a bucket in an open field, with

no overhead obstructions.

2.5 Decontamination and concentration method

The ice core decontamination procedure was adapted from

the methods of Burn et al. (2009), Candelone et al. (1994),

and Edwards et al. (2006), using materials described in

Sect. 2.1 of this paper.

Ice core sections were placed on a cleaned plastic cov-

ered surface in the TRACE facility cold laboratory mod-

ule. The exterior of the ice core was progressively removed

and discarded using an acid-cleaned stainless steel chisel.

The chisel was cleaned with 2 % nitric acid before use and

rinsed with UP water in-between different ice core sam-

ples. Approximately 5 mm were removed from all surfaces

of the ice using the chisel. After removing the exterior, the

ice samples were transferred into an acid-cleaned colander

made from a 3 L fluorinated high-density polyethylene bot-

tle with large holes drilled into the bottom. The colander was

cleaned in 10 % nitric acid and rinsed with UP water before

use. The ice samples were then rinsed with large amounts

of UP water to remove a further ∼ 5 mm from all surfaces.

Finally the samples were removed from the colander with

acid-cleaned polypropylene tongs and transferred into a 3 L

perfluoro alkoxyalkane container. Ice pieces were added pe-

riodically to the perfluoro alkoxyalkane melt water container

over the course of the filtration, as to keep the sample cold

while filtering to avoid possible aggregation. Rain samples

were filtered directly from the sampling container (1 L LDPE

Nalgene bottle).

The TFF setup consisted of a recirculating HFF connected

to a multichannel peristaltic pump (Ismatec IPC pump, IDEX

Health & Science), detailed in Fig. 1. Samples were pumped

through filters with standard PVC two-stop pump tubing and

PFA tubing.

During concentration, sample water was recirculated from

the bottle using the peristaltic pump, through a HFF, and

then back into the sample bottle. One of two side ports on

the HFF was left open over a waste container to allow fil-

trate to be removed with little backpressure, as backpressure

on the filtrate removal line would have slowed the filtration

rate. The sample bottle was elevated above the filter, and the

height difference between filter and sample bottle was used

to increase or decrease backpressure on the filter, speeding or

slowing filtrate removal as required. Filtrate was removed at

250 mL h−1, resulting in a concentration of 2 L to 1.5 mL in

approximately 8 h.

The pump direction was periodically reversed, with the

sample moving backwards through the filter, for ∼ 5 s to

avoid particle build-up on the membrane surface. The filter

is also backflushed immediately prior to collecting the final

concentrated sample with 1 mL of water (Fig. 2) to remove

any additional particles from the membrane. Samples were

concentrated to 1.5 mL in the sample bottle, transferred to

a cleaned polypropylene centrifuge vial, and gently shaken

to avoid particle size separation. Concentrated samples were

then deposited on 5 mm TEM grids, 30 µL at a time using a

clean PP pipette tip. The TEM grid was held elevated off

the laboratory bench surface by SPI stainless steel tweez-

ers in the TRACE module clean air hood at room tempera-

ture (∼ 22◦C) while the sample was evaporating down. Each

30 µL drop was left to evaporate fully between drops, de-

positing particles on the surface of the grid. To avoid particle

separation in the solution, the sample vial was shaken imme-

diately before each deposition. The sample vial was stored at

2◦C between drops. Approximately 0.18 mL of sample was

deposited to each grid.

2.6 Particle characterization using electron microscopy

Insoluble particles were characterized using electron mi-

croscopy, initially to check for sample recovery, and eventu-
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Hollow Fiber Filter cartridge

Preconcentrating
Sample

Syringe

Figure 2. Backflush of hollow fiber filter membrane setup, per-

formed by stopping the peristaltic pump and injecting 1 mL of ul-

trapure water into the open side port using a syringe.

ally for quantification of particle size, morphology, and com-

position. During recovery method development, secondary

electron imaging in the SEM was used to look for particles

remaining on filters as well as for inspecting TEM grids for

particles recovered through filtration.

The silicon-coated grid exhibited some charging effects

under the electron beam, and damaged squares of film (i.e.,

holes from handling with tweezers) could collapse com-

pletely when imaged in normal TEM mode. Often, spreading

the beam out over a large section of grid and waiting a few

minutes before imaging at higher magnification could pre-

vent sample jumping. Film squares with large objects, such

as bacteria or dust particles > 10 µm, were more susceptible

to complete collapse from charging.

On the TEM, the entire area of each grid was initially sur-

veyed at 200–500× magnification to locate particles, which

were then imaged at higher magnifications and EELS/EDS

spectra were acquired to characterize particle types. Parti-

cles were imaged at ∼ 10 000× magnification for complex,

larger aggregates, and 100 000–200 000× magnification for

fine structure and individual particle morphology. Seemingly

empty portions of the grid were also surveyed at higher mag-

nification, to verify that potential deposits of smaller particles

were not overlooked.

BC was identified using various TEM results, including

spherule aggregate structure, the presence of carbon peaks in

EDS or EELS spectra, size of primary spherules (∼ 30 nm),

and “onion-ring” structure of spherules. STEM imaging and

EDS were used to preserve beam-sensitive structures, such

as coatings on the particles. EFTEM elemental maps were

acquired using the traditional three-window technique using

energy windows adjusted to provide optimum signal-to-noise

(Brydson, 2001).

2.7 Testing the cleanliness of the system

As the concentration method will concentrate both sample

and contaminants, blanks were tested on each major step of

the procedure to exclude the possibility of procedural con-

tamination. Unused TEM grids were scanned prior to use for

sampling. To test the cleanliness of the water, blank UP water

was concentrated and deposited on TEM grids for imaging.

Laboratory-made UP water blank ice was decontaminated

and concentrated using the method in Sect. 2.5. The TEM

samples were prepared from the concentrated solution.

3 Results and discussion

3.1 Blanks

No BC was found on any of the unused TEM grids or in any

of the UP water tests. An UP water blank on the hollow fiber

filter after filtering a rain sample was inspected on the TEM,

and there was little evidence of cross contamination. Three,

∼ 500 nm alumina silicate dust particles were found on the

entire grid, surveying at 500× magnification.

3.2 Tangential flow filtration

Using TFF, the ice core samples were concentrated from

an average initial volume of ∼ 2 L to a final volume of

1.5± 0.1 mL, a factor of ∼ 1300. The concentration factor

varied slightly due to the initial volume of the ice core melt

water, which was different for each ice core sample used.

This was due to variations in the size of each ice core.

The TFF method was tested with polystyrene latex (PSL)

spheres (200 nm diameter). A prepared standard of 1 L of

1 µg kg−1 (1 ppb) PSL particles was concentrated from 1 L

to ∼ 1.5 mL using the method in Sect. 2.5, resulting in a fi-

nal concentration of ∼ 670 µg kg−1. This concentrated stan-

dard was then deposited on a SiO2/SiO coated TEM grid.

SEM images of the prepared sample grid showed significant

sample recovery for characterization, with areas of the grid

completely obscured with spheres (Fig. 3).

Using an average BC concentration of 0.08 µg kg−1 from

the same Law Dome location in Antarctica (Bisiaux et al.,

2012) and a concentration ratio of 2 L to 1.5 mL, the final

BC concentration of the ice core samples was∼ 100 µg kg−1.

A number of methods were tested to extract particles from

water samples in this study, and these methods are detailed

in Appendix A. Comparison of this TFF method with the

“failed” methods in Appendix A indicate that particle recov-

ery from TFF is more effective at both concentrating par-

ticles and keeping particles suspended in a solution, which

can then be deposited on a TEM grid for characterization.

Given that the melting of snow samples does not affect the
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Figure 3. SEM image of PSL spheres from concentration method

test on SiO2/SiO coated grid surface, concentrated from 1 to ∼

667 µgkg−1 using TFF.

size distribution of BC aerosols (Schwarz et al., 2013), the

only information lost in the melting of the ice core would be

any possible soluble constituents of the BC aerosols, such as

soluble coatings.

3.3 Transmission electron microscopy

Results presented from this study pertaining to the relative

and absolute abundance of different particle types are quali-

tative only, because a statistically rigorous survey of all parti-

cles on the grid was not completed. Nevertheless, the images

included in this paper have been chosen to be representative

of particles commonly seen while scanning the grid.

Sample charging on the SiO2/SiO-coated grids caused dif-

ficulty with TEM and STEM imaging, as the grid would pe-

riodically shift abruptly while collecting an image. The sili-

con and oxygen provided a useful background when looking

for carbon in EDS and EELS spectra, but a carbon-coated

grid would be more stable for high-resolution imaging on the

nanometer scale.

Black carbon aggregates were readily identified by their

onion structure and morphology on TEM grids from both

rain samples and ice core samples. In addition, STEM EDS

revealed coatings and inclusions in the aggregates that would

have otherwise been overlooked. STEM EDS also preserved

beam-sensitive sample, including nitrogen and oxygen coat-

ings up to 5 nm thick on the BC aggregates (Fig. 4).

Various mineral dust particles were also successfully iden-

tified in both sample suites via imaging coupled with EELS

and EDS analysis (Figs. 5 and 6) and EELS and EFTEM

analysis helped characterize complex dust particles contain-

ing Al, Si, Fe, and C (Fig. 6). The mixing of BC and other

particulates shown in Figs. 5–7 is significant, as internal mix-

ing of BC with other particles such as dust can affect their

radiative forcing (Clarke et al., 2004; Scarnato et al., 2015).

a b c

d e f

Figure 4. An example of a BC aggregate with nitrogen and oxy-

gen coating and aluminum-rich silicate inclusions from Law Dome,

Antarctica ice core dated to 1759 CE. (a) STEM image, scale bar=

300 nm. (b–f) a series of STEM EDS maps for C, N, O, Si and Al,

respectively. Element maps shown are from same field of view as

image (a).

Figure 5. TEM image of a particle from Darwin rain sample col-

lected 11 April 2014, with accompanying STEM EDS maps of car-

bon, silicon, and aluminum. Element maps are from the same field

of view as the TEM image.
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C
Si

Fea b

Figure 6. Examples of particles concentrated from a Law Dome,

Antarctica ice core dated to 1930 CE. (a) TEM image and (b)

EFTEM map of a complex aggregate particle where red is iron, blue

is silicon, and yellow is carbon.

Figure 7. Aged superaggregate from Darwin rain sample collected

8 April 2014. Inset is of an enlarged section of aggregate, showing

individual BC sphere structure.

STEM-EDS can distinguish variations in BC composition

that may routinely be overlooked.

Both the rain and ice cores had a large quantity of BC par-

ticles, with graphitic carbon “onions” of ∼ 30 nm in diame-

ter aggregated into larger particles of ∼ 80 to > 1000 nm in

diameter. These particles often showed association with alu-

minosilicate dust particles (Fig. 5). Black carbon particles in

both the rain and ice cores appeared to be significantly aged

in the atmosphere as indicated by the collapsed structure of

the carbon spherules (Figs. 4–7).

The surveys in this study permitted qualitative compar-

isons between samples. For example, in general, the rain

samples had many larger BC aggregates (> 200 nm), whereas

BC aggregates found in the ice cores were significantly

smaller (∼ 100 nm) and displayed a much more compact

structure. Rain samples also contained numerous superag-

gregates as described in (Chakrabarty et al., 2014). These su-

peraggregates were > 1 µm in diameter and were absent in the

ice cores (Fig. 7). Given the high particle yields from the TFF

concentration method, it is anticipated that more systematic

TEM surveys could facilitate more statistically robust data on

particle type and size distributions. However, this is beyond

the scope of this study.

The tangential flow filtration concentration method has

been used to preserve fragile structures of particles and to

avoid aggregation of nanoparticles. Nevertheless, disaggre-

gation, aggregation, and aggregate collapse are still possible

outcomes of the method. However, we see no obvious evi-

dence that these factor significantly into the results.

Tests of bond strength between carbon spheres in BC show

that aggregates are unlikely to fragment into smaller units

(Rothenbacher et al., 2008). Hence, disaggregation from this

method is unlikely. Additionally, both the rain samples and

the ice core melt water samples were processed in an identi-

cal way, including the filtration technique to concentrate the

samples and the evaporation technique to deposit particles

on the TEM grids. Both rain and ice core samples contained

significant variations in particle size, including large amounts

of smaller BC aggregates (∼ 100 nm). This variety suggests

that method-induced aggregation did not result in significant

changes to the particle population.

The collapsed structure of the black carbon aggregates

seen in the ice core samples is supported by reports of BC

aging in the atmosphere (Johnson et al., 1991; Li et al., 2003;

Martins et al., 1998). The BC contained in Antarctic ice cores

has aged significantly from emission to deposition and would

therefore likely contain collapsed aggregates. As BC is wet

deposited in the rain samples, the particles are likely hy-

drophilic. The transition from hydrophobic to hydrophilic is

a result of atmospheric aging (Stier et al., 2006), suggesting

that the BC in rain has also aged significantly before deposi-

tion and will contain collapsed aggregates as well.

While post-deposition processes within the glacier cannot

be ruled out, volume equivalent diameters of BC particles

found in the ice (Bisiaux et al., 2012) are similar to those

determined over the remote Southern Ocean by the HIPPO

project (Schwarz et al., 2010). Snow densification and ice

metamorphosis are more likely to aggregate BC particles

into crystal junctions. If this were significant, larger particles

would be expected rather than smaller ones. The differences

between the BC found in rain and Antarctic ice likely reflect

the loss of large aggregates during long-distance transport to

Antarctica.

4 Conclusion

The results presented herein clearly show that the combina-

tion of tangential flow filtration and transmission electron

microscopy methods provides an effective way to charac-

terize both centuries-old atmospheric aerosols preserved in

Antarctic ice and modern aerosols in rain water. Using a

clean decontamination procedure and tangential flow filtra-

tion method, aerosols in rain and Antarctic ice have been

concentrated by a factor of ∼ 1300. Tangential flow filtration
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method tests with polystyrene latex particle standards have

shown sufficient particle recovery for transmission electron

microscopy characterization, and blank tests with ultrapure

laboratory ice indicate that this process does not introduce

any measureable contaminants. The results in this paper in-

dicate that black carbon particles can form around or aggre-

gate with dust and other mineral particulates, and aggregates

can develop thin (< 5 nm) insoluble coatings of nitrogen and

oxygen.

An important potential future development includes the

possibility of quantification of particle sizes and types

through systematic grid surveys of samples prepared from

specific ice core depths. This type of survey could provide

a statistically significant analysis of black carbon morpholo-

gies and chemical compositions in Antarctic ice, which could

potentially reveal changes in black carbon over time.
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Appendix A: Unsuccessful concentration methods

A1 Drop by drop evaporation without

preconcentration

Murr et al. (2004) used a drop-by-drop method to deposit

Greenland ice core melt water on a TEM grid, ∼ 3 µL at a

time. The drop-by-drop method might work on higher con-

centration samples (i.e., temperate ice cores or snow sam-

ples), but due to low concentrations of BC in Antarctic ice

cores, characterization of the particles necessitates concen-

trating the melted ice core prior to depositing it on a TEM

grid. To preserve the largest amount of particles, the sample

should be processed as quickly as possible. The longer the

sample sits melted, the greater chance of losing black car-

bon to aggregation or diffusion to the walls of the sample

container. Depending on concentration of BC in sample, the

drop-by-drop method would require a significant amount of

sample deposition to grid before there are sufficient particles

to image (∼ 1 L, deposited 3 µL at a time), potentially losing

particles in the sample as each drop dries on the grid.

A2 Vacuum ablating ice

We attempted to vacuum ablate ice, to avoid putting the BC

into solution where it might lose soluble portions of the struc-

ture. This was tested on a Christ Alpha 1–2 LD Freeze Dryer.

It took approximately 6 hours for a 5 cm3 piece of blank

ice to halve in size. A substantially larger ice core sample

is required to obtain sufficient particles for characterization

in low-concentration Antarctic ice.

A3 Anopore filtration followed by back flushing

Preconcentration was attempted using a 200 nm pore-size

Anopore polycarbonate filter. An ice core sample was melted

and filtered using the peristaltic pump and an Anopore filter

in a Teflon filter holder. The filter was then backflushed with

∼ 5 mL of Milli-q water using a syringe.

	
  
	
  
	
  
	
  
Ellis	
  et	
  al	
  Figure	
  A1	
  

Figure A1. SEM image of Anopore filter after filtering 1 L of ice

core melt water, and backflushing the filter to remove filtered parti-

cles.

SEM imaging of TEM grids made from the backflushed

sample solution indicates only a small fraction of particles

were recovered from the filter. Further SEM imaging of the

filter itself showed large amounts of particulates remained

stuck to the filter surface and were not removed through

backflushing (Fig. A1). Ultrasonication was not used to dis-

lodge particles due to the possible separation of aerosol ag-

gregates, compromising the characterization results of BC

aggregates. This could be a useful method for a lower-

magnification scanning electron microscopy (SEM) study of

larger aerosols, but large pore size and complicated filter

structure makes locating smaller BC aggregates difficult.
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