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Abstract: Different Light-Absorbing Snow Impurities (LASI) can deposit on snow- and ice-covered
surfaces. These particles are able to decrease snow and ice albedo and trigger positive albedo feedback.
The aim of this work was to develop a new method to quantify the carbonaceous fractions that are
present in snow and ice samples that contribute significantly to their darkening. Currently, in the
literature, there is an absence of a unified and accepted method to perform these studies. To set up
the method proposed here, snow samples were collected at two Italian locations, Claviere and Val di
Pejo (Northern Italy). The samples were analyzed using two main techniques, Total Organic Carbon
analysis (TOC analysis) and Thermal Optical analysis in Transmittance mode (TOT), which enabled
the speciation of the carbonaceous fraction into organic (OC), inorganic (IC), and elemental carbon
(EC), and further into the soluble and insoluble parts. The results highlighted a correlation between
the nature of the sample (i.e., location, age, and exposure of the snow) and the experimental results,
giving validity to the method. For example, the abundant presence of terrigenous constituents was
reflected in high amounts of insoluble IC. Moreover, due to the trend between insoluble IC and
Elemental Carbon (EC), the role of IC in TOT analysis was investigated. Indeed, IC turned out to be
an interfering agent, suggesting that the two techniques (TOC analysis and TOT) are complementary
and therefore need to be used in parallel when performing these studies. Finally, the results obtained
indicate that the newly proposed method is suitable for studying the carbonaceous fractions in
snow samples.

Keywords: TOC analysis; TOT analysis; snow; carbonaceous fractions; light-absorbing snow
impurities (LASI)

1. Introduction

Nowadays, the problem of glacier shrinkage is well known, not only to scholars of the
field, but also to many people not directly involved in the related scientific research [1,2].
In 2019, the special report ‘Ocean and Cryosphere in a Changing Climate’ [3], following the
indications from the IPCC (Intergovernmental Panel on Climate Change), reported that
between 2006 and 2015, glaciers worldwide, outside Greenland and Antarctica, lost mass
at an average rate of 220 &£ 30 Gt per year, equivalent to a sea level rise of 0.61 £ 0.08 mm
per year. The decline of glaciers, snow, and permafrost has altered the frequency, strength,
and location of most related natural hazards, such as landslides, avalanches, floods, land
subsidence, and forest fires. The impact of this phenomenon on the cryosphere can be
traced back to the increase in average temperatures and to the darkening of ice and snow
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surfaces [4]. Indeed, the two effects are directly correlated: the increase in temperatures
is responsible for accelerated melting, which, in turn, causes debris and rocks to rise to
the surface of the snow. Another cause of darkening is the presence of impurities on the
snow’s surface, such as biogenic formations, which include colorful algal blooms and the
deposition of atmospheric aerosols (an increase in algal productivity is reported as the
concentration of inorganic carbon increases, and this is referred to as bio-albedo [5]).

The darkening of a surface is measured by the reduction in its albedo. The albedo of
a surface is the reflectance of the surface, when the incident radiation is solar radiation,
integrated over all directions of solar view [6]. The albedo of pristine snow and ice is
generally between 80 and 90%, depending on the grain size. An increase in temperature
accelerates the melting process and modifies the grain size, altering the snow’s albedo.
In addition, the deposition of light-absorbing impurities on the surface of snow reduces
the ability of snow to reflect incoming visible radiation and decreases its albedo. Such an
effect depends on the microphysical properties of the deposited material. These impurities
are called Light-Absorbing Snow Impurities (LASI) and include Light-Absorbing Particles
(LAPs) [7].

A concept related to albedo is radiative forcing, a measure of the influence of a factor,
such as the concentration of a pollutant, on the balance between incoming and outgoing
energy in the Earth-atmosphere system. Positive radiative forcing, expressed in W m~2,
indicates an increase in absorbed radiation and a decrease in the albedo.

In the atmosphere, several substances are present, both as gases (i.e., volatile organic
compounds [8]) and as particles, arising from various emission sources, including biomass
combustion [9], which contributes to the emission of particles (in particular BrC, Brown
Carbon) responsible for light absorption, as explained later in this text. Atmospheric
particles contain 50-60% mineral compounds by mass, including light-absorbing oxides
(e.g., hematite in Saharan Dust; it was reported that the mineral fraction strongly reduced
the spectral reflectance of snow, particularly between 350 and 600 nm [10]); the remaining
percentage is constituted by carbonaceous species. Estimates of global radiative forcing
due to Black Carbon (BC) in snow alone range between +0.01 and +0.09 W m~2 [11].
Atmospheric aerosols also contain particles that are not strongly light-absorbing, yet it must
be considered that induced radiative forcing is highly dependent on the surface underneath;
the effect of the same aerosol over a dark and over a highly reflective surface can be the
opposite [12]. Indeed, the overall effect of atmospheric particles deposited on snow and
ice, highly reflective surfaces, is the reduction in their albedo [4]; therefore, they can be
regarded as LASI.

The carbonaceous component of the atmospheric particles is usually described as Total
Carbon (TC), according to Equation (1):

TC = TOC + IC + BC 1)

where TOC is the total organic content (Total Organic Carbon), IC is the inorganic content
(Inorganic Carbon), and BC is Black Carbon. Moreover, TC can be further separated into
its soluble and insoluble fractions. BC is entirely insoluble, whereas TOC and IC have
soluble and insoluble fractions [13]. In the melting season and in the melting /refreezing
cycles, the insoluble hydrophobic fractions remain at the water-air interface or emerge from
the underlying layers, while the soluble fraction is dissolved and diffuses into the depths
of the liquid. The result is an accumulation of the hydrophobic fraction on the surface
with a further reduction in albedo (in addition to the effects of increased grain size due
to heat) [14]. Similar effects are also noticed, to a much lesser extent, in the accumulation
season due to melting or sublimation [15]. These post-deposition processes, which must be
integrated with all possible chemical, photochemical, biochemical, and degradation reac-
tions, especially of the organic fraction, account for the different concentrations observed
in aged snow [13]. While IC is generally negligible in the atmosphere, aside from specific
cases, such as sites in the proximity of known IC sources, such as marble quarries [16], in
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snow, it may not be. In fact, depending on the location, snow can be easily contaminated
by dust and ground soil rich in carbonates.

Light-Absorbing Carbon (LAC), which is a subgroup of LAS]I, includes different
components of the previously defined carbonaceous fraction that are able to absorb visible
light [17,18]. These include:

e  BC: Black Carbon, carbonaceous material that displays the following five proper-
ties [18]. Continuous, wavelength-independent absorption of visible light; at 550 nm,
BC shows a Mass Absorption Coefficient (MAC) of 5 m? g~! or more. It exhibits
refractory properties at vaporization temperatures above 4000 K; gasification is pos-
sible only by oxidation above 340 °C. It has a graphitic structure and a fractal-like
chain-aggregate morphology. It is insoluble in water and in most common organic
solvents.

e  BrC: Brown Carbon, which is a component of the TOC fraction. Its absorption depends
on the light wavelength [19]. BrC is generally emitted by biomass combustion, but it
is also produced by atmospheric oxidation reactions [20].

Despite these general definitions, all components of the carbonaceous fraction remain,
to date, operationally defined. Regarding Black Carbon, there are no analytical techniques
that are able to simultaneously identify all of the five properties that define BC [18]. It is
worth noting that, in the text, BC will be used as a general term, i.e., when this component
is not determined by a specific chemical method. Otherwise, when using Evolution Gas
Analysis (EGA) techniques, the result will be referred to as Elemental Carbon (EC) [17].

In this work, a newly optimized method for the characterization and quantification of
the carbonaceous fraction in snow is presented. Data from the literature were thoroughly
evaluated in order to define the best possible operational details, from sampling to analysis.
This work is, in fact, of high interest because it provides a global view on every aspect of
the analysis. Thirteen snow samples from two Italian alpine locations (Claviere and Val di
Pejo) were used to develop the method and analysis was performed using a combination
of two techniques: Total Organic Carbon analysis (TOC analysis) and Thermal Optical
analysis in the Transmittance mode (TOT). The results highlighted a complementarity of
the two techniques, which is a crucial factor in achieving a complete characterization of the
carbonaceous fractions.

2. Materials and Methods

There are many methods proposed in the literature for the analysis of the carbonaceous
fractions in snow samples. Regarding the main steps of the methods (sampling, pre-
treatment, melting, filtration, and analysis), many aspects are still debated. It appears that
the method must be adapted to the specific sample, bearing in mind all possible sources of
contamination and/or loss of analytes [7] (Section 2.1). Taking into consideration all the
issues emerging from the data in the literature, the newly optimized method developed in
this study is presented in Section 2.2.

2.1. Analytical Methods: State of the Art (5.A.)
2.1.1. S.A.—Sampling

The selection of the snow and ice containers to carry out the sampling procedure is
not straightforward. Some authors recommend the use of sterile materials. Glass [13] or
steel [7,21] palettes are commonly used, along with plastic. All the materials have strengths
and weaknesses related to their use. For instance, glass is known to retain BC [21], while
plastic can contaminate the sample with Water-Soluble Organic Carbon (WSOC) [22] and
retain carbonaceous particles [23].

Regardless of the material, sampling bottles undergo cleaning prior to sampling. One
of the options consists of a 24 h treatment with dilute solutions of hydrochloric or nitric
acid (0.5-1 M) [24]. Alternatively, more aggressive substances, such as chromic solutions in
sulfuric acid, are used [21]. This treatment is followed by cleaning with milli-Q water and a
resting period in which the containers are filled with milli-Q water and left to rest for 24 h.
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In order to limit contamination, wearing dustproof clothing, gloves, and head and
face masks [21] is recommended when sampling. Moreover, it is useful to prepare blanks
by exposing the empty containers upwind for the entire sampling period [24]. As sample
contamination is not uncommon, especially bacterial contamination, some studies recom-
mend the addition of an antibacterial substance (a small amount of HgCl,, an option not
advisable in the case of concomitant ion analysis) and storing the melted samples in the
refrigerator. Alternatively, in order to avoid melting, samples can be kept in the freezer,
where the low temperatures significantly inhibit or slow down the rate constants of the
bacterial degradation of OC [25].

In order to evaluate the impact of LASI on snow over time, samples are often collected
at different depths with a resolution of 5-10 cm [21,24]. Another approach is based on the
collection of the first 0-2 cm layer in the accumulation season or the 0-10 cm layer in the
melting season [7], if the optical properties are to be investigated. Furthermore, for aged
snow, there is an amplification of the concentrations in the first 2-4 cm due to melting or
sublimation, even in the accumulation season [15].

2.1.2. S.A.—Sample Pre-Treatment

The sample must be homogenized if it needs to be portioned prior to melting. One
possibility is mechanical homogenization, with a mixer, operating in a refrigerated cham-
ber [11].

2.1.3. S.A.—Sample Melting

A wide variety of methods have been used and/or tested in the literature. These
include the use of microwaves [26], water baths at various temperatures [8,21], and melting
in air at 1 °C [11]. The selection of the melting temperature highly depends on the analytical
technique used [27]. Some articles concluded that the melting method does not change the
particle dimensional distribution [28], whereas others concluded otherwise [11].

Temperature and time are two parameters that should be controlled during melting,
because both can lead to the adhesion of BC onto the walls of the container [8,27]. If one is
interested in analyzing the liquids, when working with open vessels, low temperatures are
recommended to avoid evaporation [29]. Moreover, in order to limit the degradation of
the organic fraction, it is recommended to limit the duration of the melting process under
4 hours [21]. Based on these considerations, the best melting method appears to be fast
melting conducted at low temperatures.

2.1.4. S.A.—Filtration

The use of pre-burned filters [21,29] is recommended in order to remove the carbona-
ceous matter that may be present on the filter. The side of the filter is another variable that
can affect the results; indeed, differences in filtration efficiency can be observed when using
the filter upside-down [29].

Regarding the material of the filter, quartz is typically preferred when TOT analyses
are planned due to its ability to withstand the high temperatures (800 °C) reached by the
oven. However, authors have pointed out some issues with the filtration efficiency of quartz.
The filtration efficiency is the percentage of retained particles compared to the total present
in suspension. Some have suggested that the use of a coagulant increases the filtration
efficiency of BC from 30% to around 95% [7]; others claim that the efficiency is already as
high as 95% for particles of 0.1 um diameter due to the complex passages in the filter [15].
A coagulant is an inorganic salt that increases ionic strength in order to eliminate the
electrostatic protection of the colloid inducing its coalescence. Filtration efficiency appears
to increase with increasing BC concentration [27]. In the case of gravimetric analysis, quartz
is known to lose fragments in proportion to the amount of liquid filtered [7]. For volumes
above 300 mL, leakage occurs; hence, the filtration efficiency decreases [29].

Given that BC adsorbs on glass, the filtration time should be minimized or a steel
filtration system should be used [27]. Some authors include a sonication step prior to
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filtration in order to detach BC from the walls [21]. The effect is often negligible, especially
if the containers are made of plastic [29], although, as previously mentioned, opinions on
this material vary from one author to the other [23]. Moreover, sonication is also in contrast
with the use of coagulants, as this procedure may break down the aggregates. In this case,
the coagulant could be added after sonication (author’s comment).

In a study where the authors suspected the presence of large soil debris, the sample
was decanted prior to filtration. Samples that reasonably do not contain unwanted soil are
shaken and then filtered in order to recover even the largest particles [23].

Not rinsing the bottles used for sampling leads to negligible differences in results [30].

Finally, following filtration, it is recommended to allow the filters to dry under a
laminar flow hood [21].

2.1.5. S.A.—Analysis

Regardless of the method used for analysis, it is important to note that there is no
widely accepted reference standard for BC [31]. Some authors have considered the disper-
sion of BC in snow [32] or the use of colloidal carbon solutions [27]; however, the differences
between natural soot and laboratory-generated soot are evident, at least with regards to
their optical properties [30].

For the measurement of the LASI, there are three common methods [7,24]: optical
methods, Laser Incandescence methods (LII), and thermal-optical methods. Optical meth-
ods are based on the phenomenon of absorption of radiation, which is the closest to what
occurs with solar radiation. They can quantify colored inorganics, BrC, and BC. The quan-
tification of BC requires the BC mass absorption coefficients to be known; thus, optically
defined BC is referred to as equivalent BC (or eBC) [18]. SP2 measurements, a kind of LII
technique, simultaneously quantify the mass size distribution and total mass concentration
data using scattered light to obtain information regarding the diameter (Mie theory) and
blackbody emission (LII) to estimate the mass of BC present in the incoming aerosol [11]—
this is referred to as refractory BC (rBC). The variance associated with measurements
performed on snow samples with the aforementioned techniques is greater compared to
other atmospheric measurements. This indicates the need for an in-depth study of nebulizer
performance and calibration at large diameters for the proper characterization of snow
samples [27].

The thermal-optical method is part of the Evolution Gas Analyses (EGAs). It is
used to quantify OC, which is comprehensive of BrC, and EC, as mentioned before. The
results depend primarily on the filtration efficiency of quartz and on the temperature/time
protocol chosen [7]. It has been pointed out that the commonly used IMPROVE_A protocol
can suffer from incomplete OC evolution [33] (due to lower temperatures in the inert
phase), while NIOSH-like protocols potentially suffer from the premature evolution of
EC [31] and/or incomplete evolution of Pyrolytic Carbon (PC) in the inert phase [34]
(due to the higher temperatures of the inert phase and to the presence of a large amount
of mineral dust in the samples, including inorganic oxides, which can decompose and
release oxygen, which should be absent in the first inert phase [31]). The latter phenomena
would not be a problem if PC evolved before EC or if these two components had the
same optical properties. As these conditions are often not verified, a new method was
needed [31]. In order to reduce charring (PC formation), thus eliminating the problem, and
to ensure that any PC is evolved before the oxidizing phase so that PC and EC, which have
different optical properties, are clearly separated, the temperature steps can be changed
and the residence times can be extended at each temperature. The resulting protocol was
EUSAAR?2 (European Supersites for Atmospheric Aerosol Research 2). Table 1 compares
this protocol with NIOSH870 (National Institute for Occupational Safety and Health 870)
and IMPROVE_A (Interagency Monitoring of Protected Visual Environments).
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Table 1. Comparison of three TOT protocols; the maximum temperature is highlighted in bold.

NIOSHS70 t/s T/°C IMPROVE_A t/s T/°C EUSAAR2 t/s T/°C

Helium 10 1 150-580 1 10 1
Helium 80 310 150-580 140 120 200
Helium 80 475 150-580 280 150 300
Helium 80 615 150-580 480 180 450
Helium 110 870 150-580 580 180 650
Helium 40 550 - - 30 500
Oxygen 45 550 150-580 580 120 500
Oxygen 45 625 150-580 740 120 550
Oxygen 45 700 150-580 840 70 700
Oxygen 45 775 80 850
Oxygen 45 850

Oxygen 110 870

Regarding Carbonatic Carbon (CC), this component is usually present in atmospheric
particulate matter in negligible quantities. In snow, this may not be true due to the transfer
and/or dissolution from the soil. Studies have shown that, with both NIOSH-like and
EUSAAR? protocols, carbonatic carbon evolves as the last peak of the inert phase, which is
confirmed by the analysis of natural calcite samples [31]. While this is demonstrable for
atmospheric particulate matter, the issue will be addressed further in Section 3. An acidifi-
cation treatment can be employed to eliminate carbonates prior to analysis by exposure
to gaseous HCI for a minimum of 1 h. This procedure may alter the appearance of the EC
profile, but the EC result should not be affected significantly [35,36].

In snow, carbonates undergo many phenomena; for example, one study showed that,
in aqueous suspensions, the concentration of mineral dust decreased over time in favor
of an increase in the concentration of the calcium ion, a phenomenon attributable to the
dissolution of carbonates [37]. Furthermore, one of the few studies quantifying IC in
snow [38] reported concentrations between 2 and 83 ppb and stated that dissolution during
melting causes the loss of up to 91% of the IC that is initially present as a solid. Finally,
melting the snow in a CaCO3-saturated solution, on the other hand, seems to limit the loss
during melting down to 24%.

2.2. The Analyzed Snow Samples and the Applied Method
2.2.1. Sampling Procedure and Description of the Samples

Snow samples were taken from two macro-zones: Claviere and Val di Pejo (Figure 1a).
These samples were used to validate the method.

Figure 1. (a) Sampling locations; (b) Claviere samples; (c) Val di Pejo samples.
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Claviere (Figure 1b) is an Italian town located on the border with France (North-
Western Italy). The greatest anthropic activity during the year is represented by the
presence of tourism. The vehicular traffic that used to pass through the town has now been
rerouted through a tunnel, largely protecting the town from pollution from this source.
Claviere samples (Table 2) were collected in polyethylene (PE) bottles after being treated
with 0.2 M nitric acid for 24 h, cleaned with milli-Q water, and left to rest for several hours
in milli-Q water. No exposure blanks were sampled; therefore, two laboratory blanks were
prepared by placing approximately 300 mL of milli-Q water in two PE bottles, which were
refrigerated for the same time as the samples. The cold chain was not maintained; however,
all samples were melted under the same conditions and stored in a refrigerator (+1 °C).
The maximum volume of liquid sampled was 150 mL.

Table 2. Sample descriptions.

Name Location and Notes Type
Claviere
C123 Ground floor, downtown Fresh
C4 “Rio secco” Fresh
C5 Valle Chaberton Fresh
Cé6 Valle Chaberton Fresh
Cc7 Near Baita Gimont Fresh
Val di Pejo
Road to Pian Palu lake
First 2 cm layer, floury and not
Pl adherent to the underneath; Aged
roadside (no traffic)
Road to Pian Palu lake
P234 2: first 2 ¢m, ice on a table Aged

3: snow under ice crust 2
4: roadside (traffic)
Cogolo town
P5 First 10 cm, 20 m to the road, 5 Aged
m to a creek
Passo del Tonale
P6 Roadside but protected by a Fresh
small wall

Val di Pejo (Figure 1c), bordering Val di Sole, is a valley in Trentino Alto-Adige (North-
Eastern Italy) immersed in the Parco dello Stelvio, a very popular site for tourism. One
peculiarity of this location is that it is known for its mineral water, which is very rich in
iron. Samples from Val di Pejo (Table 2) were taken using a stainless-steel spoon in PE food
bags, which were then tied shut. The cold chain was maintained from the sampling point
to the laboratory freezer (about —18 °C) using a thermal bag filled with additional snow.
Two bags were also exposed to ambient air in the P5 and P6 areas.

No bactericides were added in this stage. It was assumed that the container material
would not pollute the sample if it remained in the solid state. The sampling depth was not
controlled accurately in this study, as the core of the work was focused on the development
of the analytical method and not necessarily on the characteristics of the chosen samples.

2.2.2. Analytical Techniques

In order to identify the carbonaceous fractions, the analytical techniques employed
were Total Organic Carbon analysis (TOC analysis) and Thermal Optical analysis in Trans-
mittance mode (TOT). In addition, for a preliminary characterization of the mineral fraction,
analyses were carried out with Attenuated Total Reflection Fourier-Transformed InfraRed
spectroscopy (ATR-FTIR) and Scanning Electron Microscopy coupled with Energy Disper-
sive X-ray spectroscopy (SEM-EDX).
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The instrumentation used was a TOC-V CPH analyzer (Shimadzu Corporation, Kyoto,
Japan), a Laboratory OC-EC Aerosol TOT analyzer (Sunset Laboratory Inc., Model 5, Hills-
borough, NC, USA), a Nicolet 380 ATR-FTIR spectrometer (Thermo Electron Corporation,
Waltham, MA, USA), and a TM4000 PluslI scanning electron microscope (Hitachi, Tokyo,
Japan).

TOC Analysis—This analysis was performed on the samples under stirring. The
analysis consisted of the oxidation of the carbonaceous materials over a platinum oxide
catalyst at high temperatures (680 °C). Carbonaceous organic and inorganic species were
converted into carbon dioxide, which was then detected using a Non-Dispersive InfraRed
(NDIR) detector. The following operationally defined fractions can be detected using TOC
Analysis:

e TC analyzed by burning the entire injected aliquot. All carbonaceous species were
converted into carbon dioxide;
IC, which evolves into carbon dioxide after acidification (pH < 3) and sample purging;
NPOC, which corresponds to TC determined after purging for IC quantification;
POC, Purgeable Organic Carbon, which evolves together with IC and is not revealed
directly.

Depending on their volatility, organic substances are distributed between the POC
and NPOC fractions. IC consists mainly of carbonates, bicarbonates, and dissolved carbon
dioxide; however, all carbon that evolves with carbonates after acidification and purging is
quantified as IC.

Total Carbon (TC) and Total Organic Carbon (TOC) can be calculated using
Equations (2) and (3):

TC =1C + TOC 2

TOC = NPOC + POC 3)

TOC can be estimated as the difference between TC and IC or by measuring NPOC.

For the TOC determination, the TC-IC combination was chosen because preliminary
analyses showed the IC to be around 30% and the TOC was better estimated with this
method, rather than with the NPOC method, as suggested by the user manual, because
NPOC method suffer from a more extensive sample treatment that also include the loss of
POC.

TC calibration—In order to avoid interference by the carbon content in the water used
by the instrument for the automatic dilutions, the calibration line was shifted to zero. This
meant that the intercept value obtained without shifting the line to zero was subtracted
from the areas of the standards. The non-zero-shifted line was fitted with the weighted least-
squares model, whereas the zero-shifted line was fitted with the weighted least-squares
model through the origin. In Figure 2, the regression model is reported (the confidence and
prediction intervals for n = 3 are shown).

Regression Residuals
140 15
120 o
7 1 - °
100 0.5
80 o
< P < 0 oo L ®
60 _»
P o
- A -0.5
20 r -1 °
0 o~ -15
0 2 4 6 0 2 4 6
¢/ ppm ¢/ ppm

(a) (b)
Figure 2. Calibration for TC: (a) Regression line obtained; (b) Residuals graph.
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The uncertainty associated with the corrected standard areas was calculated by the
propagation of the uncertainty of repeatability and the uncertainty associated with the
intercept. The instrument was used in high-resolution mode and the injection volume used
was 300 pL.

The equation of the calibration curve obtained is reported in Equation (4).

y =(23.34 £ 0.08) x @)

The linearity of the calibration curve was evaluated using the lack-of-fit test (alpha
0.01, ISO 11095:1996), Mandel’s test (alpha 0.01, ISO 8466-1:2001), and the 5%-interval test
(EN 15984:2022). The aforementioned tests yielded positive results. Moreover, the R? value
was 0.9999 and the cross-validated R? was 0.9999.

Considering 3 independent determinations for the samples, the LOD (4s0) was
0.02 ppm and the LOQ (3LOD) was 0.05 ppm (ISO 13530:2009).

IC calibration—The same procedure followed for TC calibration was used. The instru-
ment was used in the high-resolution mode and the injection volume used was 1000 pL.
The IC purging time was set to 2 min.

In Figure 3, the regression model is reported.

160
140
120
100

Regression Residuals

< 80 < o0 @ 5 [ ]
60 e
_2 °
40
20 = ¢
0 -6
0 0.4 0.8 1.2
¢/ ppm
(a) (b)

Figure 3. Calibration for IC: (a) Regression line obtained; (b) Residuals graph.
The equation of the curve that was obtained is reported in Equation (5).
y=(120£1)x (5)

Following residual analysis, it was possible to attribute the failure of the linearity
tests to factors other than a non order-one dependence of the dependent variable over the
independent variable; thus, the use of a straight line as a calibration curve was confirmed.
The R? value was 0.999 and the cross-validated R? was 0.999. The LOD was 0.02 ppm and
the LOQ was 0.05 ppm.

TOT analysis—This technique involved the thermal desorption of the operational
carbonaceous fractions induced by the application of a specific thermal protocol. The first
step occurs in an inert atmosphere and causes OC to evolve. The second step instead occurs
in an oxidizing atmosphere and causes the EC to evolve. If PC is formed in the inert phase,
it will evolve in the second oxidizing step, and it may, therefore, be confused with EC.
This potential error is corrected by measuring the transmittance of the sample during the
whole course of the analysis. As charring takes place, the filter becomes darker and the
transmittance decreases. When this parameter returns to its initial value, it is assumed that
all the OC, pyrolyzed or not, has evolved and all of the remaining carbon can be assigned
to EC.
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TOT calibration—The instrument used was already calibrated and a calibration check
with control standards was performed on the same day as sample analysis. The LOD was
0.5 pg of carbon and the LOQ was 1.5 ug of carbon.

ATR-FTIR—This technique allowed for the initial characterization of the mineral
fraction. Data was acquired between 4000 and 400 cm~! with a resolution of 4 cm ™.

SEM-EDX—This technique allowed for morphological analysis of the samples and

semi-quantitative determination of the elements present.

2.2.3. Work Scheme

The work scheme set up and followed in this work (as represented in Figure 4)
involved melting the solid samples without portioning them (no pre-treatment needed), an
inijtial sieving necessary for TOC analysis, and filtration through a quartz filter, which was
analyzed using TOT (the operations of melting, sieving, and filtration are described further
in the following paragraphs).

J PR I PSieved sample, under agitation in beaker:
——— TOC ANALYSIS ---> total TC and IC

Filter:

TOT ANALYSIS --->0C + EC + CC

equal, unless experimental or method bias, to ATC between sieved
and filtered

iltered sample:
TOC ANALYSIS ---> soluble TC and IC

Figure 4. The work scheme.

The sieved suspension (i.e., prior to filtration) and the filtered solution were analyzed,
as well as the filter. By filtering, the content of the suspension was distributed between the
filter and the solution. The insoluble fraction remained on the filter, whereas the soluble
fraction passed through the filter and into the filtered solution.

The insoluble fraction was determined using two different procedures:

directly by TOT analysis on the filter;
using TOC analysis and calculating the difference between the concentrations found
in the sieved suspension and the filtered solution.

In the absence of experimental and/or methodological errors, the two procedures
should yield the same results. This is because OC and EC are part of the TOC fraction, and
CC is part of the IC fraction.

The Milli-Q water used in all experimental tests was filtered through a 0.22 um filter.
The water TOC level was 2 ppb and the resistance equal to 18.2 mOhm. It could be classified
as Reagent Water Type 1 according to ISO 3696:1987 and ASTM D1193-99.

2.2.4. Sample Melting

The samples from Claviere were liquid and analyzed once they reached room temper-
ature. Samples from Val di Pejo, on the other hand, were melted in a water bath at 30 °C,
by immersing the entire closed bag, thus sample contamination and loss of mass through
evaporation were avoided. All samples melted completely within 20 min. Only one sample,
P1, released a relatively large amount of gas during the melting process.

Regarding the blanks, the bags were opened, filled with approximately 300 mL of milli-
Q water, resealed, and heated to 30 °C for the same time as the samples. Milli-Q water was
not added earlier on the assumption that any contamination by PE would be insignificant in
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the solid state, with a low contact area, as the samples were composed mostly of ice grains.
The melted samples were immediately analyzed to avoid contamination from prolonged
contact with the plastic, which can be a source of WSOC contamination.

2.2.5. Sieving

The samples were then sieved (Figure 5) using a stainless-steel flour sieve with a
mesh size of 0.5 mm. This step was necessary due to the instrumental limitations of the
TOC analysis. Assuming that nothing was retained by the PE bags, the samples were not
sonicated. In addition, no coagulant was added. This topic is still under debate in the
literature [39].

(9

Figure 5. (a) Visually clean sieved sample; (b) Residue from a visually clean sample; (c) Residue
collected after sieving sample P4.

The Claviere samples were shaken, sieved, and poured into a glass beaker. Instead, in
order to limit possible contamination, in the Val di Pejo samples, a corner of the bag was
cut off (as if it was a sac a poche) after drying the area with absorbent paper. After each
sample, the sieve was cleaned with a strong jet of milli-Q water and left to dry in the air.

2.2.6. Filtration

The amount of volume filtered was varied between the different samples in order to
ensure that the particulate concentration on the filter was within the optimal range for
TOT analysis. The filtered volume was 50 mL for most samples, except for P2, P4, and P5.
Sample P4 had a particularly high concentration of particulates; therefore, only 5 mL was
filtered. Additionally, 20 mL samples of P2 and P5 were filtered in order to avoid filter
overload. Regardless of the volume used for TOT analysis, another 50 mL was filtered for
all samples to perform ATR-FTIR analysis.

Before filtration, the sample was placed in a glass beaker under vigorous stirring
(500 rpm).

Filtration was performed with quartz filters using a glass septum system. Blank filters
underwent TOT analysis to verify the presence of any residual carbon. The response was
negligible; therefore, the filters were not pre-burned prior to filtration. The diameter of the
septum, which coincided with the diameter of the deposit on the filter, was measured, and
corresponded to an area of (2.77 £ 0.07) cm?. To limit the contact with glass, filtration was
performed under vacuum conditions. Fully emptying pipettes were employed in order to
avoid any accumulation of particles in the tip during sample transfer.

In order to obtain depositions as homogenously dispersed as possible on the filters,
the funnel was filled and then the vacuum was turned on (Figure 6). Moreover, care was
taken to keep the filter in a horizontal position in order to avoid preferential loading of
one side. In the case of diluted samples, this was the most effective method. In the more
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concentrated samples, the larger particles, probably mineral dust (see SEM-EDX analysis),
were deposited preferentially around the borders of the filters.

(@) (b)

Figure 6. (a) Filter after filtering 50 mL of a visually clean sample; (b) Filter after filtering 50 mL of
sample P4—a ‘ring’ of large particles is evident.

The filtrate was stored in a glass flask sealed with parafilm until the analysis was
performed. The adhesion of EC onto the glass was not a problem as this component was
retained by the filter.

2.2.7. Analysis

The TC/IC (TOC analysis) blanks were the sieved and filtered blanks described above;
the OC/EC (TOT) blanks were the filtered residues of the same.

The TOC analysis instrument was switched on at least half an hour beforehand in
order to allow the detector signal to stabilize.

TOC analysis on the sieved sample was performed as soon as possible to minimize
the residence time in the glass container. Continuous stirring was performed in order to
retrieve the larger suspended particles. Three readings for each sample were performed
when possible.

After sieving the sample, the filtrate was analyzed. The filtrate was not stirred due to
the absence of suspended particles. A control standard was analyzed once a day.

The TC analysis lasted approximately 2-3 min, while the IC analysis lasted 5-6 min.
Samples were analyzed at the injection volumes provided by the calibrations shown, except
for sample P4, which was analyzed at lower injection volumes, and the blanks, which
were analyzed at the maximum injection volume of 2000 pL to maximize sensitivity. These
values were scaled to those obtained from the calibration line considering a constant CV%
(please refer to Supplementary Materials). Detector signal integration was performed
manually, as described in the Supplementary Materials.

As already mentioned, the TOC was calculated by subtracting TC-IC. Each mea-
surement was carried out by performing blank subtraction. The insoluble part was then
determined for each carbonaceous fraction by subtracting the filtered sample results from
the sieved sample results. Differences whose confidence interval (95%) included zero were
not considered relevant.

The filter, which was subjected to TOT analysis, was considered dry at the end of the
TOC analysis of the sieved and filtered samples. TOT analysis was carried out after the
stabilization of the transmittance signal using the EUSAAR?2 protocol in order to avoid
the underestimation of EC. To sample the largest possible portion of the filter and increase
representativeness, 1.5 cm? punches were used. A control standard was analyzed every
4-6 samples. The TOT results were obtained as follows (Equation (6)):

Conc. in suspension = Conc. (referred to 1 cm?) x Area (punch) x Area (filter) /

/ Vol (filtered) (6)

The blank was then subtracted from the results if it had a measurable response.
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ATR analyses were performed without filter cut-out using 256 scans between 4000 and
400 cm ™. The most concentrated sample (P4) was analyzed using 1024 scans in order to
obtain clearer signals.

2.2.8. Quality Control

Please refer to the Supplementary Material for a comprehensive description of data
and uncertainty handling. In particular, the procedures for the determination of LOD and
LOQ are reported.

The TOC analysis results were comprehensive of calibration uncertainty while the
TOT results were not, yet its contribution could be reasonably considered negligible.

All uncertainties are presented in this paper as the 95% confidence interval
(Equation (7)), unless stated otherwise.

Uncertainty = tqof 950, S (7)
In Equation (7) “dof’ stands for degrees of freedom.

3. Results
3.1. TOC Analysis Results

The analysis of the blanks was useful to assert that washing the beaker only with
water, after analysis of the sieved samples, was not sufficient to clean it. In fact, a blank
that was analyzed after the most concentrated sample showed a TC concentration of about
0.9 ppm and an IC concentration of about 0.2 ppm, whereas, in the other blanks, being both
from bottles or bags, the concentrations were 0.3 and 0.1 ppm. It was noted that the beaker
must be wiped with paper and then washed vigorously.

Table 3 reports the results of the TOC analysis.

The results were processed as described in the Analysis section to determine the TOC
fraction and the distribution of each fraction in the soluble and insoluble parts. The results
are shown in Figure 7.

The insoluble fraction of sample C1 was not reported due to high uncertainties in the
results. Regarding sample C2, the analysis was not carried out due to the limited amount
of sample.

The TC concentrations of samples C4, C5, C6, and C7 decreased with increasing
distance from the ‘Rio Secco’ site. Indeed, a 30% decrease was observed from sample C4 to
sample C6, which corresponded to around 700 meters.

Samples P2, P3, and P4 were collected in close proximity to one another. Regarding
the TC content, the highest concentrations were observed for sample P4, followed by P2
and finally P3. These results can be explained by the sampling locations; indeed, sample
P4 was collected at the side of the road, whereas samples P2 and P3 were collected on the
top of a table. The contribution of soil dust and dirt particles deriving from the passage of
vehicles was significant for sample P4 (note the sieved sample shown in Figure 5c). Despite
it showing the highest TC concentration, the IC/TC ratio was comparable to those of the
other samples. Instead, sample P4 had the highest percentage of insoluble IC.

After the exclusion of samples C1, C2, and P4 (that, as discussed before, were different
from each other), an ANOVA test was conducted for the two groups Claviere and Val di
Pejo, and no differences in relative composition were evidenced (p > 0.05 ANOVA). For this
reason, on the remaining 10 samples (5 from Claviere and 5 from Val di Pejo), the average
composition, reported in Figure 8, was calculated.

3.2. TOT Analysis Results

The blank filters did not show significant amounts of carbon—the amount, in the few
cases detected, was below the LOD. The only blank that showed signs of contamination
was excluded from the averages.

Single analyses were performed on the Claviere samples, whereas the Val di Pejo filters
were measured in triplicate. Based on the average CV% of the replicated measurements
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(please refer to Supplementary Material), a 30% uncertainty value was assigned to the
samples for which no replicates were available. Figure 9 shows the results obtained.

Table 3. TOC Analysis results; averages of 3 determinations unless stated otherwise, with blank
subtraction. Referring to Figure 4, the sieved sample is the ‘upper’ suspension while the filtered
sample is the lower” solution.

Sample TClppm IC/ppm
Claviere
C1 sieved 3+3 0.33 +0.02
Cl1 filtered 1.1+0.1 0.32 + 0.03
C2 sieved 1.26 £+ 0.08 \
C2 filtered 0.79 £ 0.04 0.32 + 0.02
C3 sieved 23+04 0.55 + 0.03
C3 filtered 1.5+0.1 0.57 +0.03
C4 sieved 3.00 4 0.06 0.97 £+ 0.05
C4 filtered 2.21 £ 0.05 1.0£0.1
C5 sieved 2.6 £0.8 0.17 £ 0.02
C5 filtered 1.3+0.1 0.20 £ 0.02
C6 sieved 21+04 0.28 + 0.03
Cé6 filtered 1.3+0.1 0.28 +0.02
C7 sieved 0.7 +0.2 0.11 £ 0.02
C7 filtered 0.45 £+ 0.04 0.18 £+ 0.02
Val di Pejo

P1 sieved 6+2 1.14 +0.05
P1 filtered 28+04 1.07 £ 0.05
P2 sieved 9+2 0.97 £+ 0.05
P2 filtered 34402 0.84 + 0.04
P3 sieved 4+1 0.25 + 0.04
P3 filtered 2.0+£0.1 0.23 +0.01
P4 sieved 63.6 = 0.7 22+1
P4 filtered 24 +4 99+04
P5 sieved 8+2 0.44 £+ 0.04
P5 filtered 35+05 0.41 +0.02
P6 sieved 3.09 4+ 0.09 0.64 + 0.03
Pé6 filtered 1.67 £ 0.07 0.61 = 0.03

Carbonaceous fractions
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c/ppm
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Figure 7. Separation of the soluble (filtered solution, Figure 4) and insoluble (sieved suspension
minus filtered solution, Figure 4) TC into their respective components: IC and TOC.
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Figure 8. Relative composition of the samples. The soluble and insoluble carbonaceous fractions
were in a ratio of about 1:1.

Particulate carbonaceous fractions

c/ppm

OC mEC
Figure 9. Elaborated TOT results (OC and EC).

In general, for the samples from Claviere, EC was lower than the LOD. The samples
from Val di Pejo, on the other hand, showed a higher amount of EC. With the exception
of the roadside sample P4, the average EC contribution to the carbonaceous fraction was
(6 £ 2) % (mean and pooled standard deviation of the mean). Considering that, in urban
environments, EC can account for up to 15% of the total carbon in particulate matter
(PM), this value is in line with the rural areas sampled in this study. The greatest EC
concentrations were observed for sample P4 (>10%).

Only two samples showed a statistically significant amount of insoluble IC: P2 and P4.
The insoluble IC over insoluble TC ratio was (2 £+ 1) % for P2 and (30 + 5) % for P4. While
the amount of insoluble IC, probably carbonates, was negligible compared with the total
carbon in P2, this was not the case for P4.

As reported in the literature, IC can interfere with OC and EC quantification using
TOT. Therefore, reference standards of carbonates and bicarbonates (sodium and calcium)
were subjected to TOT analyses following the NIOSH870 and EUSA AR2 protocols in order
to investigate their possible interference in EC quantification. The results are reported in
Figures 10 and 11. Analyses with the IMPROVE_A protocol were not carried out but, as
they had a maximum temperature in the inert phase that was lower than that in EUSAAR?2,
the behavior of carbonates was expected to be like that with EUSAAR?2.
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Figure 10. Carbonates’ behaviors with the NIOSH870 TOT protocol: thermograms (a) for calcium
carbonate; (b) for calcium carbonate obtained by precipitation from aqueous solution; (c) for solid
sodium carbonate; (d) for sodium carbonate by deposition from solution; (e) for sodium bicarbonate;
(f) for sodium bicarbonate by deposition from solution; (g) legend for all graphs.
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Figure 11. Carbonates’ behaviors with the EUSAAR2 TOT protocol (the protocol applied to the snow
samples): thermograms (a) for calcium carbonate; (b) for calcium carbonate obtained by precipitation
from aqueous solution; (c) for solid sodium carbonate; (d) for sodium carbonate by deposition
from solution; (e) for sodium bicarbonate; (f) for sodium bicarbonate by deposition from solution;
(g) legend for all graphs.

Figures 10 and 11 show that solid standards evolved in a rather narrow time range.
With both the NIOSH870 and EUSAAR2 protocols, calcium carbonate
(Figures 10a and 11a) evolved as part of the OC4 fraction (870 or 650 °C, depending
on the protocol), as is the usual case for the atmospheric PM samples. The same occurred
for sodium carbonate analyzed using NIOSH870 (Figure 10c). However, with the EUSAAR2
protocol, sodium carbonate evolved during the second oxidizing phase (Figure 11c), inter-
fering with the determination of EC. This is because EUSAAR2 reaches a lower maximum
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temperature in the inert atmosphere. Finally, tests on bicarbonates (Figures 10e and 11e)
showed an additional peak in the OC1 fraction and no signals in the second phase.

Differences in thermograms can be observed by changing the state of the species,
from solid to solution (note the differences between Figures 10/11a and 10/Figures 11b,
10/11c and 10/Figures 11d, 10/11e and 10/Figure 11f). Overall, several peaks were
present in the first phase, especially with NIOSH870. Instead, peaks in the second phase,
interfering with EC, could be observed using EUSAAR 2. Sodium and calcium carbonate
solutions were associated with the typical peaks of bicarbonates in the inert phase. The
effect was more pronounced when calcium carbonate was precipitated directly on the filter
(Figures 10b and 11b). In these experiments, 40 uL of Na,COj3 (10 g/L) was deposited
on the filter and 60 pL of CaCl, (10 g/L) was added. Initially, the intent was to deposit a
known quantity of CaCOj3 on the filter, but this option was later discarded since weighing
was not feasible and depositing aliquots of saturated solution was also not possible due to
the fact that the solubility of calcium carbonate is greatly affected by the partial pressure
of CO; in air [40]. These results can be explained by the equilibrium existing between the
carbonate and bicarbonate species.

Regarding snow samples, according to the results of TOC analysis, inorganic carbon
was absent from all samples except for P2 and P4. The presence of EC may have been
due to the nature of the sample (roadside); however, possible interference caused by the
presence of carbonates and bicarbonates evolving together with EC using the EUSAAR 2
protocol was possible. As will be highlighted in the following section, the high percentage
of insoluble IC could also account for the disagreement between TOC analysis and TOT for
sample P4 due to the overestimation of OC.

3.3. TOC and TOT Comparison

A deeper cross-reference of the data was conducted (Figure 12), comparing the results
obtained from both techniques. The insoluble TOC was calculated as the difference between
the sieved suspension and the filtered solution TOC and was then compared with the
OC from TOT analysis. The TC detected with the two techniques was not used for the
comparisons because of the considerations made regarding IC, CC, and EC in the previous
sections.

TOC vs TOT comparison

c/ppm

I ] [ i

e I il
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2
0 |
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Figure 12. Comparison of TOC and TOT results.

The results obtained with the two techniques were in agreement, suggesting the
accuracy of the measurements. When the confidence intervals were not overlapping, the
TOT (OC) measurements were slightly higher. Greater differences were observed for
sample P4 and should be studied on a dataset with a higher number of replicates to lower
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the uncertainty, as well as improve the calibration, not in terms of range, but in terms of
replicates over time.

3.4. ATR-FTIR Results

FTIR spectra were acquired in different points on the same filter. A certain variability
in the relative intensity of the bands of the various constituents was noted. Therefore, the
results were only qualitative. The results are shown for sample P4 (Figure 13), the sample
with the most material deposited on the filter.
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Figure 13. ATR-IR spectra for sample P4, ATR-corrected.

The most intense signal corresponds to quartz, which was due to the nature of the
filter [41]. This precluded the possibility of investigating the presence of silicates in the
deposited particles.

The typical peaks of calcite were also present [42]. The weak band at 729 cm™!
indicated the presence of the mineral dolomite, chemically a carbonate of calcium and
magnesium [43]. The bands at about 1420 and 873 cm ™! were also common to calcite and
dolomite. Instead, the peaks at 532 and 464 cm~! [37], together with the small shoulder
present at 913 cm~1, were ascribed to the presence of ochre, a mixture of iron oxides. The
shoulders at 1110 and 1165 cm ™! could also be ascribable to the presence of ochre. The
very broad peak present at around 3300 cm ! was due to the stretching of the hydroxyl
group, probably due to the presence of liquid water, even if the contribution of hydration
molecules, rather than an alcohol or carbohydrate component, could not be distinguished,
given the presence of the peaks at about 2900 cm ™!, corresponding to the symmetric and

asymmetric stretching of -CH groups.

3.5. SEM-EDX Analysis Results
The coarse fraction deposited on the filter of sample P4 was also investigated by

SEM-EDX analyses (Figures 14 and 15).
From the maps, it can be observed that the larger particles mainly consisted of silicates,

due to the co-presence of silicon, oxygen, aluminum, sodium, potassium, calcium, and

magnesium in the same area.
The simultaneous presence of all these elements in the same area can be ascribed to

clays and ochres.
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Figure 14. (a) P4 SEM image, mix of secondary and backscattered detection; (b) Elemental EDX maps.
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Figure 15. (a) Sample P4 SEM-EDX composite image; (b) another part of sample P4.

4. Discussion
4.1. Blank Analysis

Regarding TOC analysis, the measurements of the blanks proved to be crucial in
highlighting certain strengths and weaknesses of the method. Indeed, the analysis of four
blanks led to the conclusion that the residence time required for TOC analysis in the glass
beaker was too long. The analysis of a blank processed in the same beaker used for sample
P4 and rinsed in milli-Q resulted in the fouling of the blank. A jet of milli-Q water was not
sufficient to remove all the EC particles attached to the walls; therefore, mechanical removal
with paper followed by further washing was required. Given the low concentrations of
EC in the other analyzed samples (the EC analysis was considered reliable—the residence
time in glass for filtration was minimal), we assumed that the use of glass did not affect
these results significantly. A more in-depth study needs to be performed to obtain reliable
conclusions on the matter, considering that some authors reported that plastic can also
retain particles [23].
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4.2. Comments on the Snow Sample Composition

First, it is important to underline that the purpose of this work was the development
of a new method for the analysis of the carbonaceous fraction, and all other considerations
regarding the results of the study are secondary.

Both TOC analysis and TOT agreed on the fact that Claviere samples were less polluted
than those from Val di Pejo. Higher urbanization and vehicular traffic were the two driving
factors behind this difference. Another explanation could be related to the age of the snow;
indeed, fresh snow samples were collected in Claviere, whereas aged snow (from a few
days to a couple of weeks) was sampled in Val di Pejo, except for samples P3 and P6, which
were fresh. The absolute concentrations in these two samples were, in fact, comparable
to those of the samples from Claviere. These results may indicate that, in addition to the
co-deposition of particulate matter during snowfall, the concentrations of the carbonaceous
fractions may increase as the surface layer remains exposed to the atmosphere for more
time.

In terms of the relative concentrations, a significant difference between the two sites
was not observed, indicating similar sources of pollution. In order to further investigate the
impact of the different sources, future work will entail the study of levoglucosan, a known
marker of biomass combustion produced by the pyrolysis of cellulose, which is present in
the soluble TOC fraction [44].

Moving on, ATR-FTIR analysis confirmed the abundant presence of carbonates in
sample P4 (due to terrigenous constituents), together with ochres, as was suggested by the
pale red color of the filter following TOT analysis.

4.3. Inorganic Carbon

Inorganic carbon is usually negligible in atmospheric PM, but this was not the case
for the analyzed snow samples. TOC analysis revealed that sample P4 was the only
one in which insoluble IC was detected, which was probably related to the fact that this
sample was also associated with the abundant presence of terrigenous constituents. This
component was negligible in all the other samples, probably because P4 was the only one
in direct contact with the soil. In order to confirm the relationship between insoluble IC and
terrigenous constituents, further studies will be necessary to investigate the relationship
between the soluble and insoluble fractions. In fact, some authors in the literature [38] state
that a large percentage of the inorganic carbon, which is insoluble in snow, passes into the
soluble fraction during melting.

Regarding TOT, being the different components operationally defined carbonaceous
fraction, the results are strictly dependent on the temperature protocol used. In the case of
CC, also taking into consideration the chemical nature of the species, these will evolve at
different points during analysis. The only one that evolved, as expected, in the OC4 fraction
was anhydrous calcium carbonate. However, this may not be the only species evolving in
this time frame, as peaks were also observed for samples in which insoluble IC was not
detected via TOC analysis. Changing the state of the substances (solid vs. solution) had a
significant impact on the results, as the carbonate-bicarbonate equilibrium is established in
solution. For these reasons, in the analysis of snow samples that have melted, carbonate
carbon should be eliminated a priori by exposure to gaseous HCI [38].

These conclusions further emphasize the importance of the complementarity of the
two analytical techniques (TOC analysis and TOT). The main example was sample P4, in
which the contamination due to carbonates could explain both the unusually high presence
of EC and the large difference in the results of the two techniques for this sample, as both
OC and EC could have been overestimated because of the presence of insoluble IC.

4.4. Larger Particles

The uncertainties associated with OC and EC measurements are representative of the
reproducibility of the various steps of the method (stirring, filtration, ... ). Taking larger
particles from the stirred solution depends on the efficiency of the stirring in keeping the
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suspension homogeneous. The most critical step, mainly for larger particles, is filtration,
particularly in depositing the material homogeneously.

However, in accordance with the SEM-EDX analysis (Figure 14), the largest particles
were not those with the highest carbon content. This certainly reduces the potential impact
of the problem without indicating that it should be completely overlooked.

5. Conclusions

In order to optimize all the steps of the method, samples from two Northern Italian
locations were analyzed. Both visually clean and contaminated samples were chosen in
order to evaluate the effect of high pollutant concentrations. Depending on the nature of
the sample, the different steps of the method were optimized. Melting was carried out at
30 °C and achieved in a very short time. Sieved samples were kept under stirring for TOC
analysis in order to maximize their homogeneity. Filtration was conducted by taking 5 to
50 mL from the samples, kept under stirring. Glass containers proved not to be optimal
for highly contaminated samples. The samples were analyzed mainly using Total Organic
Carbon analysis (attention was paid to choosing the right injection volumes in order to
maximize sensitivity) and Thermal Optical analysis in the Transmittance mode (EUSAAR2
protocol was chosen due to the potentially high presence of minerals). The proposed
method allowed the analysis of the operational carbonaceous fractions TC, TOC, IC, OC,
and EC, categorizing them as soluble and insoluble. Blank analysis proved to be effective in
highlighting possible issues. Regarding the samples, it was found that fresh snow and snow
sheltered from atmospheric deposition showed similar levels of contamination. About 50%
of the carbonaceous content was part of the insoluble fraction. The insoluble IC content
was significant only for the one sample contaminated with large soil debris.

The main source of uncertainty was found to be the inhomogeneity of the samples,
which affected the repeatability of several of the method’s steps (sampling for filtration,
sampling for TOC analysis, sampling for TOT). This situation also affected the choices
regarding data treatment (see Supplementary Material).

Attention was drawn to the use of the TOT technique, which is routinely used for
the analysis of atmospheric particulate matter. The presence of insoluble carbonate and
bicarbonate species in snow samples represented, in fact, an interference in the OC and EC
measurements by TOT; the combined use of both TOT and TOC techniques is, therefore,
necessary. Indeed, various carbonates and bicarbonates were tested with the EUSAAR2
protocol, and they evolved both in the OC and EC regions of the thermogram.

Samples were further analyzed by ATR-FTIR and SEM-EDX. IR analysis confirmed the
presence of calcite and dolomite in the most contaminated sample, while SEM-EDX analysis
was useful to assert that the larger particles in suspension contained a lower percentage of
carbon, being composed of aluminum silicates.

Correlations between the characteristics of the samples (i.e., location, age, and exposure
of the snow) and the experimental results were found. This work carried out on snow
samples thus made it possible to confirm the validity of the proposed method, which
was intended to find homogeneity in the fragmentary literature; the method is applicable
in the context of studying the darkening of snow and ice surfaces with regards to the
carbonaceous components. The developed analytical method, based on TOC and TOT
analyses, will be used in the quantification of the carbonaceous fractions of snow and ice
samples from different Italian sites.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos14020371/s1. Supplementary QA QC.
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