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Abstract Black carbon (BC) particles produced by incomplete combustion of biomass and fossil fuels
warm the atmosphere and decrease the reflectivity of snow and ice, hastening their melt. Although the
significance of BC in Arctic climate change is widely acknowledged, observations on its deposition and
sources are few. We present BC source types in a 300-year (1700-2005) Svalbard ice core by analysis of
particle-bound organic compounds, radiocarbon, and trace elements. According to the radiocarbon results, 58%
of the deposited elemental carbon (EC, thermal-optical proxy of BC) is of non-fossil origin throughout the
record, while the organic compounds suggest a higher percentage (68%). The contribution of fossil fuels to EC
is suggested to have been elevated between 1860 and 1920, particularly based on the organics and trace element
data. A second increase in fossil fuel sources seems to have occurred near the end of the record: according to
radiocarbon measurements between 1960 and 1990, while the organics and trace element data suggest that

the contribution of fossil fuels has increased since the 1970s to the end of the record, along with observed
increasing EC deposition. Modeled atmospheric transport between 1948 and 2004 shows that increasing EC
deposition observed at the glacier during that period can be associated with increased atmospheric transport
from Far East Asia. Further observational BC source data are essential to help target climate change mitigation
efforts. The combination of robust radiocarbon with organic compound analyses requiring low sample amounts
seems a promising approach for comprehensive Arctic BC source apportionment.

Plain Language Summary Black carbon (BC) is a fine particulate emission component formed

in natural and anthropogenic combustion of biomass and fossil fuels. BC effectively warms the atmosphere,
and when it is deposited on snow and ice, it hastens their melt. BC strongly amplifies Arctic climate change
but information on its deposition variations and sources are still very scarce. We studied sources of BC in a
Svalbard (high-Arctic) ice core covering the years 1700-2005 by analysis of chemical compounds, radiocarbon
and trace elements. We found that throughout the ice core, the contribution of biomass combustion to BC was
higher (ca. 60%—-70%) than that of fossil fuels. The contribution of fossil fuel sources to BC in the ice core was
elevated in 1860—1920, and again at the end of the record starting in the 1960s—1970s. Atmospheric transport
modeling shows that increasing BC deposition observed at the glacier since the 1970s was associated with
airmasses arriving increasingly from Far East Asia. Further observations on Arctic BC sources are essential to
inform decision makers on which BC emissions most affect Arctic climate change.

1. Introduction

Black carbon (BC) particles are produced by incomplete combustion of carbonaceous material and have global
adverse climate effects due to their strong absorption of visible light. The climate effect of BC is amplified in

RUPPEL ET AL.

1 of 20


http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-7289-9068
https://orcid.org/0000-0001-8992-539X
https://orcid.org/0000-0002-0228-5551
https://orcid.org/0000-0002-8186-6433
https://orcid.org/0000-0002-1824-6207
https://orcid.org/0000-0002-6153-1361
https://orcid.org/0000-0002-3557-523X
https://orcid.org/0000-0003-4846-2303
https://doi.org/10.1029/2022JD038378
https://doi.org/10.1029/2022JD038378
https://doi.org/10.1029/2022JD038378
https://doi.org/10.1029/2022JD038378
https://doi.org/10.1029/2022JD038378
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022JD038378&domain=pdf&date_stamp=2023-08-10

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2022JD038378

the Arctic, as BC deposition on snow and ice hastens their melt (e.g., Bond et al., 2013). BC emissions occur
by two processes: (a) natural (forest, peatland, and grassland) fires, and (b) in anthropogenic activities (e.g.,
transportation, residential burning, energy production, industry). BC has an atmospheric lifetime of a few days
to weeks during which it may be transported over thousands of kilometers before deposition (Ramanathan &
Carmichael, 2008). Atmospheric transport models suggest that emissions from East and South Asia, and Russia
contribute most to the Arctic BC burden (AMAP, 2015; Backman et al., 2021; Sand et al., 2016). Within-Arctic
emissions are particularly detrimental as they cause a five times stronger warming compared to equal emissions
at mid-latitudes, as Arctic emissions are more likely to be deposited in the area (Sand et al., 2013).

Atmospheric BC concentrations have been monitored in the Arctic since 1989 at an increasing number of meas-
urement stations (e.g., AMAP, 2015; Sharma et al., 2013), and several studies on modeled atmospheric BC
concentrations in the Arctic exist (e.g., Eckhardt et al., 2015; Koch et al., 2011; Srivastava & Ravichandran, 2021).
Pioneering studies on BC in Arctic precipitation (Mori et al., 2020; Sinha et al., 2018), and wide-ranging
campaigns on BC concentrations in Arctic snowpacks have been conducted (e.g., Clarke & Noone, 1985; Doherty
et al., 2010; Evangeliou et al., 2018; Forsstrom et al., 2013; Zdanowicz et al., 2021). Insights to past Arctic BC
deposition beyond the era of atmospheric and snow monitoring data have been gained from ice core and lake
sediment records (e.g., Ruppel et al., 2014, 2015, 2017, 2021; Eckhardt et al., 2023; McConnell, 2010; Osmont
et al., 2018; Zdanowicz et al., 2021).

Currently, there is a critical lack of field measurements of Arctic BC sources hindering targeted emission cuts
required for effective climate change mitigation (e.g., AMAP, 2015). Comprehensive observational data able
to classify BC source types for the Arctic are available for atmospheric samples (Moschos et al., 2022a; von
Schneidemesser et al., 2009; Winiger et al., 2017, 2019), and a limited amount of snow samples (Hegg et al., 2010;
Macdonald et al., 2018; Rodriguez et al., 2020), and ice cores (e.g., McConnell et al., 2007; Osmont et al., 2018;
Vega et al., 2015; Zennaro et al., 2014). Traditionally, source apportionment of Arctic BC has relied on proxies,
that is, compounds released simultaneously with BC during combustion. For instance, ions such as non-sea-salt
sulfate (SO,27) and nitrate (NO,") are well-known indicators of anthropogenic pollution detected from ice cores
(e.g., McConnell et al., 2007; Vega et al., 2015). Ammonium (NH,*) has been used, among others (e.g., Jickells
et al., 2003; Legrand et al., 2021; Liss & Galloway, 1993), as a proxy of biomass combustion-derived BC (e.g.,
Keegan et al., 2014; Sierra-Hern4ndez et al., 2022).

In atmospheric science, source-specific organic markers have been long used to apportion the contributions of
different sources to the particulate matter composition. Organic aerosol constituents have been used to describe
natural and anthropogenic contributions to Arctic aerosols (Moschos et al., 2022a, 2022b; von Schneidemesser
et al., 2009). Water soluble organic markers for biomass combustion such as vanillic acid, levoglucosan, or
p-hydroxybenzoic acid have been recently introduced as biomass combustion proxies in Arctic ice cores (e.g.,
Grieman et al., 2018; Legrand et al., 2016; McConnell et al., 2007; Osmont et al., 2018; Zennaro et al., 2014). On
the other hand, water-insoluble organic carbon (WIOC) or its components have rarely been studied in relation to
the deposition of BC in Arctic snow or ice cores. More recently, state-of-the-art dual-carbon (radiocarbon (A!4C)
and stable carbon (8§'3C)) isotope analyses on atmospheric (Winiger et al., 2017, 2019) and snow (Rodriguez
et al., 2020) samples has allowed separation of BC sources first to biomass or fossil fuel combustion based on
radiocarbon (Gustafsson et al., 2009), and further classification into coal, oil, or gas flaring with the stable carbon
isotopic composition of BC particles (Andersson et al., 2015).

Several assessments call for additional field-based observations separating specific BC sources, as these are essential
to evaluate and refine emission inventories used in climate modeling, and credible source apportionment is the under-
pinning of targeted climate change mitigation actions aimed at efficiently reducing BC emissions (e.g., AMAP, 2015;
Bond et al., 2013). Here, we present unique and comprehensive elemental carbon (EC, a thermal-optical proxy for
BC) source apportionment data from a Svalbard ice core covering 1700 to 2005 by non-polar organic hydrocarbons
(n-alkanes and hopanes), supported by data of trace elements, analysis of EC radiocarbon data, and airmass transport
analysis. Major ions and trace elements have long been used to study the influence of natural sources and anthro-
pogenic activity in ice core records (e.g., Beaudon et al., 2017; Legrand et al., 2016; McConnell & Edwards, 2008;
McConnell et al., 2007; Osmont et al., 2018). n-Alkanes and hopanes, on the other hand, have been widely used for
the source apportionment of BC in atmospheric samples (e.g., Briggs & Long, 2016; Schnelle-Kreis et al., 2007;
von Schneidemesser et al., 2009), while very few studies exist on their fluxes to mid-latitude ice cores (Miyake
et al., 2006; Sankelo et al., 2013). To our knowledge, this is the first study to present n-alkane and hopane fluxes to
an Arctic ice core, and to assess the use of these compounds in EC source apportionment in ice cores. Ice cores are
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Figure 1. Map of Svalbard and location of the Holtedahlfonna glacier. Also shown are the Lomonosovfonna glacier from
which another BC record exists (Osmont et al., 2018) and the settlements of Longyearbyen and Ny-Alesund.

invaluable to understand BC deposition trends and sources beyond the observational period covered by atmospheric
and snow samples. The acquired information helps to assess different BC emission sources affecting BC deposition
in the Arctic and informs policy makers on how to mitigate Arctic climate warming.

2. Materials and Methods
2.1. Study Site, Previous Ice Core Sampling, Elemental Carbon Quantification

Svalbard is a Norwegian archipelago located in the Arctic Ocean (Figure 1) at the southern edge of permanent
sea ice. Despite its location in the high Arctic, Svalbard has a relatively mild climate due to the North Atlantic
Current and being on the pathway of Arctic and North Atlantic cyclones. About 60% of Svalbard is covered by
glaciers, which have lost mass since the 1960s (Schuler et al., 2020). The mass loss has increased since 2000
(Schuler et al., 2020), and many Svalbard glaciers experience frequent summer surface melt (e.g., Beaudon
et al., 2013). Holtedahlfonna glacier covers ca. 300 km?, and is situated on northwestern Svalbard 40 km north-
east of the Ny-;\lesund research station (Figure 1).

A 125 m deep ice core was collected from a saddle point of the Holtedahlfonna glacier (79°08'15" N, 13°16'20" E;
1150 m a.s.l.) in April 2005. Further details on the ice core extraction and sample handling are given in Beaudon
et al. (2013) and for elemental carbon in Ruppel et al. (2014). In brief, after retrieval and frozen transportation
to the Norwegian Polar Institute (Tromsg, Norway), parallel-sided sections from the inner part of the core were
cut with a thin-blade band saw in a cold room (—22°C) and distributed for major ion (Beaudon et al., 2013) and
elemental carbon (Ruppel et al., 2014) measurements (in addition to tritium (Van der Wel et al., 2011) and oxygen
isotope (Divine et al., 2011) analyses that were used for the dating of the core, and organic contaminant analyses
(Ruggirello et al., 2010)).

Ice samples cut in high resolution were pooled together (to ensure adequate carbon contents) for elemental carbon
(EC, a thermal-optical proxy for BC) analyses, resulting in 88 samples that were melted and filtered through
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pre-combusted (at 800°C for 4 hr) quartz fiber filters (Munktel). The filters were dried and placed into plastic
holders that were wrapped in aluminum foil and stored in a refrigerator. A 1.5 cm? subsample of each filter was
analyzed for EC using a thermal-optical method (TO, Sunset Laboratory Inc., Forest Grove, USA; Birch &
Cary, 1996) with the EUSAAR_2 protocol (Cavalli et al., 2010) at Stockholm University (Ruppel et al., 2014). A
maximum of 35%—-40% total uncertainty is estimated to be related to these EC measurements caused by potential
heterogenous particle loading on the filters (~20% uncertainty) and smallest particles percolating through the
filter (i.e., undercatch, ca. ~22%) (discussed in more detail in Ruppel et al. (2014)).

2.2. Water Insoluble Organic Compounds Analyses and Source Apportionment
2.2.1. n-Alkane and Hopane Quantification

Water insoluble carbon (WIOC) composition from 50 selected filter samples were analyzed for n-alkanes and hopanes
by thermal desorption gas chromatography time of flight mass spectrometry (TD-GC-TOFMS, Orasche et al., 2011)
at Helmholtz Zentrum Miinchen. The analysis was implemented on a GC-Bench Top-TOFMS system (Leco, USA),
equipped with a PAL-LINEX auto-sampler and a liner exchange system (Axel Semrau, Germany). The analysis
included four internal standards and targeted 25 n-alkanes (carbon chain lengths of C,.—C,,) and 10 hopanes (Table
S1 in Supporting Information S1). For analysis a 7 mm diameter circular aliquot was punched from the selected
original EC filter samples, and spiked with 1 pL of the deuterated internal standards, and 1 pLL of N-Methyl-N-(tri-
methylsilyDtrifluoracetamid (MSTFA). Subsequently, the aliquots were placed in a GC liner, capped and incubated at
80°C for 1 hr to allow the MSTFA to deactivate active sites on the quartz fiber filter, which in turn increased analysis
sensitivity. Then, the PAL-LINEX auto sampler de-capped the liner and placed it in the GC injector, where it was
thermally desorbed at 300°C for 15 min, followed by a 59-min GC cycle. The data were acquired by the software
ChromaTOF (Leco, USA) where peak assignment and integration was conducted manually, based on mass spectra
matching and elution time, since the heavy background and frequent coelution in the samples hindered the commonly
used consistent automatic peak identification and integration by the deconvolution algorithms in ChromaTOF. Exter-
nal calibration was done using authentic standards for the individual n-alkanes and 170(H)21B(H)-30-Norhopan
(29ab) for the hopanes. Duplicate measurements of 10 samples showed relative standard deviations of 25%-45% for
the individual compounds. These duplicate measurements included both uncertainties related to the uneven particle
loading on the filters and analytical uncertainties. n-Alkanes with chain lengths <C,, were excluded from further
analyses, as blank values for most samples exeeded sample values. All other values were blank corrected.

2.2.2. Using n-Alkanes and Hopanes to Apportion Source Contributions to EC Fluxes

Receptor models, such as positive matrix factorization (PMF), are mathematical tools for apportioning the contri-
bution of sources to samples based on the composition or fingerprints of the sources (Paatero & Tapper, 1994).
PMF has been used in numerous studies of source apportionment of particulate matter in ambient air (e.g., Galvao
etal., 2021; Reff et al., 2007) where the goal is to identify and quantify the contributions of sources that contribute to
particulate matter. The PMF accounts for the variable uncertainties often associated with environmental samples and
enforces that all values in the solution profiles and contributions are non-negative, which is considered more realistic
than the solutions of other methods such as principal component analysis. Thus, the goal of PMF is to solve the mass
balance between measured species concentrations and source profiles, as shown in Equation 1, with the number of
factors p, the species profile f of each source, and the amount g contributed by each factor to each individual sample.

P
Xij = Zgikfik +eij (1)
k=1

where X is a data matrix of i by j dimensions, in which i number of samples and j chemical species measured, with
uncertainties u; (Equation 2). p is the number of factors, f the species profile of each source, and g the amount
contributed by each factor to each individual sample. ¢; is the residual for each sample/species.

The PMF then derives the factor contributions and profiles by minimizing the objective function Q:

P
noom | Xij — Z gikfik
k=1
0= _— 2
Uij

i=1 j=1
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For the PMF analysis, we considered the quantitative data of the components for which measured values >limit
of quantification (LOQ) were available in more than 60% of all samples. The deposition rates of EC, n-alkanes
from docosane to hexacontane as well as the hopanes 29ab, 29ba, 30ab, 30ba, 31ab S and 31ab R were used. The
relative standard deviations of the determined concentrations of individual compounds were used for the estima-
tion of the uncertainty of the respective measured value. Measured values < LOQ were replaced with 1/2 of the
respective LOQ. For these values, the uncertainty was set to 5/6 of the LOQ. Analyses were carried out using EPA
PMF 5.0 Software (United States Environmental Protection Agency, 2014). Differing from the default settings of
EPA-PMF 5.0, no negative values for source contributions were allowed in the analyses. For the analysis species
with S/N < 2.6 were set to weak.

PMF analyses based on WIOC mentioned above were performed to identify and allocate the major sources of the
EC found in the ice-core samples. Analyses were performed for 2 to 4 factors, with the 3-factor solution giving
the clearest interpretable result.

In addition to the WIOC based analyses, PMF analyses were performed including depositional flux results of
water soluble of K* and NH,* analyzed in Beaudon et al. (2013). Elevated concentrations of ammonium and
potassium occur in smoke plumes from biomass burning (BB) compared to background concentrations (Andreae
& Merlet, 2001). It was therefore proposed to use these as markers for BB. On the other hand, K* and NH,* in
Holtedahlfonna have a marine origin as well (Beaudon et al., 2013). As the estimation of non-sea-salt K™ is diffi-
cult, we investigated the extent to which the inclusion of total water-soluble K* and NH,* in the PMF analysis
modifies the result for distinguishing fossil and non-fossil combustion sources of the EC.

2.3. Elemental Analyses
2.3.1. Analytical Method

Thirty one EC filter samples were selected for the analysis of 24 major and trace elements (TE) (Li, Be, Na, Al,
Mg, K, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Rb, Sr, Ag, Cd, Sb, Cs, Ba, Tl, and Pb) by inductively coupled plasma
mass spectrometry (ICP-MS, NeXION 350D, Perkin Elmer, USA). Prior to analysis, 1.5 cm? aliquots of the filter
samples were digested, using first, a mixture (7:2) of nitric acid (65%—68%, Trace Metal grade, Fisher Chemicals)
and hydrofluoric acid (40%, Trace Metal grade, Fisher Chemicals), and then, boric acid (4%, Suprapur grade,
Merck). Then the digested samples were diluted with de-ionized water and transferred to the ICP instrument. The
ICP instrument operation is described in detail in Lane et al. (2020). Scandium-45 was used as an internal stand-
ard, and a multi element standard (TraceCERT Periodic Table mixture 1, Sigma Aldrich) was used as a calibra-
tion standard. Filter blanks (n = 6) and standard reference material (NIST 1649a, urban dust) were digested and
analyzed alongside the filter samples. Average blank values were subtracted from the TE analysis values. Note,
that the NIST-1649a standard reference material does not contain Ag, Ba, Be, Cs, Cr, Li, and TIL.

The recovery of TEs in the standard reference material was on average 130%. The standard reference material
was analyzed to estimate uncertainties in the methodology, not for correcting results. Based on the ca. 30%
uncertainty in TE recovery of the reference material, and heterogenous particle loading on the filters (ca. 20%
uncertainty (Ruppel et al., 2014)), we could estimate a total uncertainty of about 36% related to the TE analyses.
Duplicate measurements of four samples (n = 8) showed the relative standard deviation of the TE measurements
to vary between 1.6% (for Pb) and 100% (Li, Cr, As, Ba) with an average relative standard deviation of all TEs
being 52%. These duplicate measurements included both uncertainties related to the uneven particle loading on
the filters and methodological uncertainties in quantification, but the number of duplicate measurements were
few. Altogether, this indicates a total uncertainty of 40%—50% for these measurements.

2.3.2. Crustal Enrichment Factor (EFc) Calculation

To investigate the potential of the TEs to signal anthropogenic versus natural emission sources we calculated
their Crustal Enrichment Factor (EFc). The crustal enrichment factor is commonly adopted in environmental
and ice core geochemical studies to characterize the non-crustal contribution (e.g., anthropogenic activities)
of the element time series (e.g., Beaudon et al., 2017; Kaspari et al., 2009; Sierra-Hernandez et al., 2018). EFc
is defined as: {[X]/[Fe]}g,./{[X)/[Fel}ycc, where {[X]/[Fe]}c is Upper Continental Crust (UCC) reference
(Wedepohl, 1995) used to normalize the filter sample mass ratio of the element of interest (X) to that of a conserv-
ative crustal element (here Fe). Typically, EFc deviations larger than 10 are interpreted as possible non-crustal
influences.
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2.4. Radiocarbon Analyses of EC

Fourteen original filter samples were selected for radiocarbon ('“C) analyses of EC. The amount of filter material
left after all the previously described analyses was greatly restricted, and the samples for radiocarbon analyses
were selected so that they (a) contained sufficient amount of carbon to allow the measurements, and (b) were
as evenly as possible distributed over the ice core record (i.e., gaps in the data are caused by insufficient carbon
and filter material available for radiocarbon measurements from those time periods). Carbonates were removed
(Uglietti et al., 2016) and EC was then extracted from the filters and analyzed for radiocarbon as described in Y.
L. Zhang et al. (2012), Szidat et al. (2014) and further refined in Rauber et al. (2022). In brief, “C of EC was
measured using a Sunset OC/EC analyzer (Model 5L, Sunset Laboratory, USA) coupled with the accelerator
mass spectrometer Mini Carbon Dating System (MICADAS) at the Laboratory for the Analysis of Radiocarbon
(LARA; Szidat et al., 2014). Prior to the '“C measurement, the filters were treated 3 times for carbonate removal
under a fume hood by adding 50 pL of 1M HCI followed by air drying (Uglietti et al., 2016, T. Singer, personal
communication). A further water extraction of the filters for removal of the water-soluble organic carbon to
minimize the positive artifact from OC charring (such as done in Rauber et al., 2022; Y. L. Zhang et al., 2012)
was not necessary, as this step was already included during filtration of the melted ice samples (see Section 2.1).
The extracted filters were thermally desorbed in the OC/EC analyzer during the first three steps of the Swiss_4S
protocol, volatilizing the remaining water-insoluble organic carbon from the filter (Y. L. Zhang et al., 2012).
Thereby, EC was isolated onto the filters with average EC yields of 79 + 7% and charring formation of pyrolyzed
OC of 12% = 7%. EC was quantified during the EC steps of the Swiss_4S protocol and the volatilized CO, was
directed to the MICADAS system for '“C analyses. F“C(EC) was extrapolated to 100% EC yield and corrected
for pyrolyzed OC with a thermal-desorption model (Rauber et al., 2022; Rauber & Salazar, 2022).

The C results are the modern fractions of the measured carbon (F'*C; Reimer et al., 2004), which is expressed as:

F14C — (14c/12c) /(l4c/12C)1950 (3)

sample
where (1C/12C), 44, is the reference isotopic ratio in 1950. The F!*C values were corrected for the above-ground
nuclear bomb tests in the 1950s and 1960s by dividing the reference value (f; ;) that corresponds for the age of
the individual sample to obtain the non-fossil fractions (f,;) of carbon:

fnf = FMC / fnf,ref (4)

An average uncertainty of ca. 20% is related to the FC results.

2.5. Atmospheric Transport Modeling

Airmass back trajectories (each running 10 days back in time) were calculated for every 4 hr interval between
1948 and 2004 to explore the major source areas for particles deposited at the Holtedahlfonna glacier and poten-
tial changes in the dominant transport patterns over the past decades. The model used was HYSPLIT version 5.0.0
(Stein et al., 2015), and the meteorological archives used was the NCEP/NCAR Global Reanalysis Data Archive
(https://wesley.wwb.noaa.gov/reanalysis.html). The NCEP/NCAR archive is available from 1/1/1948 and has
a resolution of 2.5° in the horizontal (90N-90S and OE—357.5) and 16 levels in the vertical. Data is outputted
every 6 hr. Besides provision of hourly endpoint values of latitude-longitude pairs and altitude along the trajec-
tories, HYSPLIT has been run to provide also auxiliary meteorological information along the trajectories, and
information for relative humidity, temperature, pressure, precipitation and topography was stored along with the
other information.

The trajectories were organized according to the estimated time period covered by each ice core EC sample from
1948 to 2004. As each sample period represents multiple years the common approach of linking individual trajec-
tories to hourly, daily or even seasonal averages is not feasible. Instead, characteristic properties were calculated
for each ice core EC sample period. Most important of these is the footprint which is defined as the transport
probability function, or P, ;:
py =" 5

= ®)
where n;; is the number of trajectories that has resided over grid (i) for the sampled period and N is the total
number of trajectories.
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P,;; was on average based on roughly 4,000 trajectories per ice core sample, varying slightly with the estimated
time period derived from the analysis of the ice cores. The analysis of the footprint, or rather the transport function
P,
Statistical properties of trajectory altitude, relative humidity, and calculated precipitation were also calculated.

was subsequently used to study source dependence on derived EC and ion content of the ice core samples.

3. Results and Discussion
3.1. n-Alkanes and Hopanes
3.1.1. n-Alkane and Hopane Fluxes and Suggested Emission Source Classes

To our knowledge, these are the first n-alkane and hopane fluxes reported from an Arctic ice core. With the
current filter-based methodology we were able to quantify only water insoluble particle-bound organic
compounds. Unfortunately, specific organic biomass combustion markers could not be quantified here, as they
are water-soluble, and thus were lost with the discarded filtrate.

After blank subtraction, temporal trends of 18 n-alkanes could be reasonably quantified. The n-alkane fluxes varied
between <LOQ (about 0.02 pg m~2 yr~! for n-alkanes) and 14.9 pg m=2 yr~! (for tetracosane, Table S1 in Support-
ing Information S1). The results are presented in Figure 2 as standardized fluxes (calculated by subtracting the
mean and dividing by the standard deviation), to visualize temporal trends of the compounds, as otherwise possibly
higher concentrations of a specific compound compared to others would dominate the general trend. The n-alkanes
were separated into three different groups (Figures 2b—2d) based on the length of their hydrocarbon chains, as
these are known to coarsely relate to emissions from different emission sources (see below). Results on n-alkanes
with the carbon chain lengths of 17-21 are not presented here as too few samples exceeded the LOQ and blank
values. The hopane fluxes varied between <0.00002 and 1.47 pg m~2 yr~! (for 17p(H)21a (H)-hopan (30ba) and
17a(H)21B(H)-hopan (30ab), respectively). The temporal variation in the hopane fluxes is presented in Figure 2e.

Generally, the n-alkane and hopane fluxes show similarities with several concurrently occurring peaks shown in
Figure 2. The fluxes were low in the 1700s, increasing slightly in the early-1800s and clearly after 1850. Signif-
icant peak fluxes occurred for all n-alkanes and hopanes in the 1860s and 1880s, followed by generally slightly
decreasing fluxes after that, and less dominant peaks in the early-1900s and for some n-alkanes and hopanes
around 1950. After 1970 all n-alkanes and hopanes show rapidly increasing fluxes toward the end of the record,
with the highest fluxes of the whole record reached during the last decades, particularly for many n-alkanes. The
n-alkane and hopane fluxes show many similar features as the EC trend of the ice core (Figure 2a), including peak
fluxes between 1850 and 1920, in 1950-1960 and again after 1970.

As specific n-alkanes and hopanes are released predominantly, but not exclusively, from different fuels, it is
possible to get indications of their combustion sources by calculating ratios of their occurrence in samples.
n-Alkanes can be divided into three partly overlapping emission source related classes depending on their chain
length and carbon preference index (CPI, ratio of the concentrations of odd n-alkanes divided by the concentra-
tions of even n-alkanes) (e.g., Yadav et al., 2013). Emissions from internal combustion engines (road, rail and
marine) are sources of n-alkanes with different chain lengths. Vehicles emit n-alkanes with chain lengths in
the range of C,,—C,, with C_
etal., 1993; Schauer et al., 1999). While n-alkanes with a chain length around C,, mostly originate from unburned

at C,; and C,; (gasoline vehicles) and at C,,, for different diesel vehicles (Rogge

fuel (Brandenberger et al., 2005), n-alkanes with a chain length around C,; mainly originate from lubricating
oil (Sakurai et al., 2003). Emissions from ships contain n-alkanes in the same range of chain lengths (Sippula
etal., 2014). Biogenic sources (plant abrasion and biomass combustion) mostly show maximum n-alkane concen-
trations at chain lengths of C,—C;, (Orasche et al., 2012; Oros & Simoneit, 1999), but coal combustion also
may contribute to the n-alkanes with these chain lengths (Oros & Simoneit, 2000). A carbon preference index
(CPl,s 35, calculated as (0.5 * Cy5 + C,; + C,y + C5; + 0.5 * C;)/(Cyg + Cyy + C5y + Cyy)) value of close to 1 (no
preference) indicates a mature petroleum origin. While values slightly above 1 may well come from less mature
fossil sources, for example, lignite (Oros & Simoneit, 2000), values greater than 3 clearly indicate biogenic origin.

The CPI s often used to estimate contributions of fossil and biogenic sources to n-alkanes. In the studied ice core,
the CPI presented in Figure 3 averages about 1.5. Hence, in a range where a mix of contributions from both fossil
(oil and coal) and biogenic sources can be assumed. Comparably high values (CPI > 2.5) were found in only few
samples. Except for two cases (samples around ca. the years 1901 and 1996) high CPI do not coincide with high
EC values and thus indication of biogenic combustion sources of EC seems quite weak in the ice core. On the
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Figure 3. Temporal trends of the CPI,; ., and hopane indices compared to the elemental carbon deposition trend. The dashed
lines do not indicate analytical values but connect data points and are intended to follow the respective trend.

other hand, some of the samples with high EC contents show comparably low CPI values (e.g., around ca. 1866,
1882, 1994, and 2000-2004), that is, significant influences of petroleum-based sources.

The investigated hopanes are exclusively fossil fuel biomarkers. Due to their high stability, they have been found
in emissions from the combustion of coal (Oros & Simoneit, 2000) or fuel oil (Rogge et al., 1997) but also from
motor vehicles (Rogge et al., 1993) and ship engines (Sippula et al., 2014). In principle, hopane patterns differ
significantly depending on the type and maturity of the fossil source. The hopane index (30ab/(30ab + 30ba))
is >0.9 in crude oil and 0.1-0.6 in different types of coal. In typical petroleum, the R/S-epimerization at C,, has
an equilibrium S/(S + R) ratio, the so-called Homohopane index (i.e., 31abs/31abs + 31abR) is about 0.6 whereas
this ratio ranges from about 0.1 for lignite coal to ~0.4 for bituminous coal (Oros & Simoneit, 2000).

Hopane indices show relatively constant values over the entire period (Hopane index 0.91 + 0.05 and Homohopane
index 0.63 + 0.06) (Figure 3). The comparatively small increase in the indices between 1915 and 1945 is probably
due to increased uncertainty following very low observed hopane concentrations. The observed hopane patterns
indicate a strong dominance of petroleum-based sources contra coal combustion for this substance group. This
is unexpected, since according to emission inventories (e.g., Bond et al., 2007) there was no significant use of
petroleum as a fuel before the mid-nineteenth century. We investigated coal samples collected in August 2022
from coal piles at the harbor of Longyearbyen, Svalbard (Figure 1), waiting to be exported, and found that, unlike
coal mined in central Europe (Oros & Simoneit, 2000), the hopane pattern of coal mined in Svalbard (and mostly
exported and used in Europe and Russia) very much resembles the hopane pattern found in mineral oils (hopane
index > 0.9, homohopane index about 0.6). Thus, the use of Svalbard coal both locally and its import areas could
potentially partly conceal the hopane pattern of other coal combustion-derived EC.

3.1.2. Source Apportionment of EC Based on n-Alkane and Hopane Fluxes

Three factors that contributed to the fluxes of deposited WIOC and EC were separated using PMF. Two of these
factors are associated with significant amounts of EC while the third factor does not contribute to EC.

The first factor contributes 32% to the EC (Figure S2 in Supporting Information S1, top). It is characterized by high
proportions of the hopanes (>80% to 100%) and only low proportions of n-alkanes. The maximum of n-alkane
fluxes in this factor is at chain lengths of C,, to C,, with no preference for odd n-alkanes. Based on these character-
istics, the factor is classified as fossil fuel (FF) combustion. The second factor contributes 68% to the EC (Figure
S2 in Supporting Information S1, middle). It is characterized in particular by high contributions of n-alkanes in
the C,4—C;, range and negligible proportions of hopanes (<5%). The CPL_,, of this factor is 1.4. In summary, this
factor is classified as non-fossil combustion (NF). The third factor does not contribute to the EC. It is characterized

Figure 2. EC deposition (mg m~2 yr~!) (data from Ruppel et al. (2014)) compared to standardized (standard deviation units) n-alkane and hopane fluxes at
Holtedahlfonna. The solid gray line in (a) presents the full EC record from the ice core while the black lines present the samples that were analyzed also for the organics.
(b—d) The n-alkanes are separated into four groups based on their carbon chain lengths which may be representative of compounds produced by different processes. The
red line in (b—e) presents the average of the respective compounds (black lines) in the sample groups. The dashed lines do not indicate analytical values but connect data
points and are intended to follow the respective trend.
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Figure 4. Contributions of fossil fuel (FF) and non-fossil fuel (NF) combustion to the modeled elemental carbon (EC)
deposition in mg m~2 yr~!. (a) Fossil fuel (red) and non-fossil fuel (green) sources of the modeled total EC deposition (mg
m~2 yr~!) based on the PMF analyses (purple) of organic compounds. (b) The modeled EC deposition (purple) compared
to the observed EC deposition (black) for the organic compound samples (50 out of original total 88 filter samples). The
analyzed samples are presented as thick lines for the time period covered by the respective sample. The dashed lines do not
indicate analytical values but connect data points and are intended to follow the respective trend.

by relatively high proportions of n-alkanes <C,; and medium to high proportions of n-alkanes >C,,. Since this
factor does not contribute to the EC, it is not classified and will not be discussed below. Inclusion of water-soluble
biomass-combustion associated K* and NH,* ions available from the same ice core (Beaudon et al., 2013) in the
PMF analyses (Figure S3 in Supporting Information S1) did not essentially change these results, which supports the
factor classification achieved in the PMF analyses based on the organics (see Text S1 in Supporting Information S1).

The contributions of the FF and NF factors to the modeled EC deposition are shown in Figure 4a. The temporal varia-
tion of factor contributions to EC can be roughly divided into four periods. The period before 1860 is characterized by
comparatively stable low EC values and on average high contributions of NF to EC. Between about 1860 and 1913,
a few samples with high EC values were found. At the same time, the proportions of NF and FF fluctuate compar-
atively strongly during this phase. However, it must be noted that the high EC deposition fluxes observed in the ice
core EC measurements in the period from 1895 to 1913 (and the last sample of the record) are poorly represented
by the model, while generally the observed and modeled EC fluxes correlate significantly (p < 0.005) at R? = 0.43
(Figure 4b). The period from the beginning of World War I (1914) until the 1970s is characterized by medium EC
fluxes and generally high shares of NF in the EC. Since the early 1970s, a gradual increase of FF for the EC fluxes
can be stated. During this period, only two events with comparatively high proportions of NF for the EC were found.
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Figure 5. Crustal enrichment factor (EF) trends for trace elements that are enriched in the ice core relative to Fe (flux shown in Figure S1 in Supporting
Information S1) and the upper continental crust reference. Values above 10 are considered significantly enriched.

Unexpectedly, the organic compound analyses, in particular the CPI and hopane indexes, did not point to a grad-
ual shift from coal dominated combustion to increased oil use from 1850 to 1940, as other Arctic BC records
(e.g., McConnell & Edwards, 2008) and emission inventories (e.g., Bond et al., 2007) suggest. The reason for
this remains largely unresolved but a potential explanation is that the hopane pattern of coal produced in Svalbard
and mainly exported to Europe and Russia for use resembles the hopane pattern of mineral oil which could partly
mask the effect of other coal-combustion-derived particles on the recorded hopane pattern. The EC deposition
at the high-altitude glacier is more affected by long-range transport than local sources (Aamaas et al., 2011;
Forsstrom et al., 2013; Ruppel et al., 2014; Zdanowicz et al., 2021), and thus local use of Svalbard coal is not
expected to significantly influence the hopane pattern of the ice core. Another possible, yet unlikely, explanation
not investigated hitherto would be that the chemical processing of hopanes associated with the BC deposited with
and on snow would lead to alterations of the chemical pattern.

3.2. EC Sources Suggested by Trace Element Fluxes

Details on the measured major and trace element concentrations and fluxes are given in Figure S1 and Table S2
in Supporting Information S1. Only a few of the 24 analyzed major and trace elements are enriched in the ice
core, that is, have crustal Enrichment Factor (EFc) deviations of more than 10. Thus, most of the trace elements
(TEs) in the ice core are of crustal origin. The temporal trends of the enriched TE fluxes are presented in Figure 5.

The enriched trace elements are Ag, As, Cd, Cr, Cu, Ni, Pb, T, and Zn. All of these have known origin from
combustion of coal, oil or gas and in metallurgical activity (Pacyna & Pacyna, 2001; Tian et al., 2015). As for
many of the other TEs, also for the enriched elements the concentrations were below the detection limit of the
IPC-MS for most samples. Consequently, as there is no continuous time series available for the TEs, it is not
reasonable to attempt any multivariate analysis to find correlations between them. Despite this, some general
features are common for the fluxes of the enriched elements. Many of the TEs have peaks soon after the start of
the industrialization, around 1860 and around 1880. Particularly, predominantly oil combustion-derived TI and
Cd, as well as Cr, show a peak around 1880, just like n-alkanes and hopanes (Figure 2). Notably, the TEs do not
show a pronounced increase around 1910, while EC deposition shows a clear peak in this time. This early twenti-
eth century EC peak is well known from Greenland ice cores and is attributed to coal combustion mainly in North
America (e.g., McConnell & Edwards, 2008; McConnell et al., 2007). Rather, the mostly oil combustion-derived
Ni, Tl and Cr show yet another simultaneous peak in the late 1930s, possibly associated with WWII. However,
despite the discontinuity of the TE data, the enriched anthropogenic TEs seem to suggest comparably elevated
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deposition post-1970 (Figure 5). A clear exception is Pb, of which emissions have been actively cut since the
1970s by the U.S. Clean Air Act and similar legislation in other countries due to known adverse health effects.

3.3. Fossil Fuel Versus Biomass Combustion Sources of EC Based on Radiocarbon and Organics
Analyses

3.3.1. Comparison of Fossil Versus Non-Fossil Source Trends Determined by Radiocarbon and Organic
Compounds in the Svalbard Ice Core

According to the radiocarbon analyses an overall average of 58% of the observed EC in the ice core is identified
as of non-fossil origin. This fraction of biomass-derived EC is similar or higher than previously reported for
atmospheric EC on Svalbard in 2009 and 2012-2013 (52% and 41%, respectively, Winiger et al., 2015, 2019).
Simultaneous measurements of EC sources in precipitation versus atmospheric samples at the same site have also
shown precipitation to contain higher contributions of biomass-derived EC than atmospheric samples (Rodriguez
et al., 2020; Y. L. Zhang et al., 2015).

In the Holtedahlfonna ice core the fraction of biomass-derived EC varied between 38% and 70% over the studied
period as shown in Figure 6. The radiocarbon results suggest that the contribution of biomass combustion to the
total EC was ca. 50% or below before 1850, while EC deposition was very low at this point in absolute values
(e.g., Figure 4b). Subsequently, the fraction of non-fossil EC peaked at 65%—68% in 1913-1961 after which it
quickly declined to 43%—46% recorded in the mid-1960s to early 1990s. After the early 1990s the fraction of
radiocarbon analyses-based non-fossil EC increased again to 70% in the early 2000s (Figures 6a and 6b).

The source attribution trend of fossil versus non-fossil fuels to the total EC statistically modeled from the organic
compound data indicates some similar temporal variation as the EC sources based on the radiocarbon data
(Figures 6a and 6b). For instance, the fraction of biomass combustion to EC remained large over the period of the
two World Wars (ca. 1910 to 1950), as suggested both by the organic compound and radiocarbon data (Figures 6a
and 6b). This matches also with the trend of European domestic combustion, which is dominantly based on
biomass combustion and was by far the biggest emitter in this time period (e.g., Bond et al., 2007).

However, organic compound data seem more variable and some of the changes of fossil versus non-fossil fuel
contributions to the EC seem temporally inconsistent with the radiocarbon data. First, according to the organ-
ics the contribution of fossil fuels to EC increased significantly only in ca. 1975 while this shift in sources is
suggested by the radiocarbon analyses to have occurred already in the mid-1960s (Figure 6a). Second, the organ-
ics data suggest that after 1975 fossil fuel sources clearly dominated over non-fossil sources (e.g., Figure 6b)
except for a biomass combustion peak around 1993 to 1997 (Figure 4a), while the radiocarbon data suggest that
biomass combustion sources affected the ice core more strongly than fossil fuels since 1995 (Figures 6a and 6b).
The mismatch seems to suggest that the source apportionment based on the organics might suffer from errors
at the end of the ice core record. A weakness of the organic compounds together with the used PMF analyses
is that the modeled EC deposition flux does not necessarily fit together with the observed EC deposition trend
(Figure 4b). In our case, the model generally underestimates EC deposition, and particularly for many EC depo-
sition peaks, such as ca. 1860s, 1890s, the highest peak in ca. 1910, and in the 2000s. Thus, the results on the
potential sources of EC during these peaks based on the organic compound data are unfortunately not very relia-
ble, although the general separation between fossil and non-fossil sources seems credible (see also Section 3.1.2
and Text S1 in Supporting Information S1).

3.3.2. Comparison of Fossil Versus Non-Fossil Source Trends in the Svalbard Ice Core With
Northwestern Russian Lake Sediments

At the same time, the temporal variation of the contribution of non-fossil and fossil fuels to the total EC deposi-
tion based on radiocarbon analyses at Holtedahlfonna resembles greatly the one acquired from radiocarbon anal-
yses of soot-BC extracted with a chemothermal oxidation method from lake sediments in the northwestern Russia
flaring area (Figure 6¢), an important source area for the Svalbard glacier, between 1800 and 2013 (Ruppel
et al., 2014, 2021). In both records the contribution of non-fossil sources to EC peaked in the 1930s—1950s.
After that fossil-fuel combustion seemed to dominate the records between 1960s and 1990s, but the fraction of
non-fossil sources increased again to high values after early 1990s. As these radiocarbon analyses have been made
from different environmental matrices (sediment and ice core) by different methodologies for BC extraction and
thus partly different fractions of BC particles being analyzed, the general trend of biomass combustion-derived
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Figure 6.
BC deposition suggested by both these records seems strikingly robust. In Ruppel et al. (2021) the temporal trend
in source composition was attributed to long-range (hundreds to thousands of km) transport of BC onto which
regional (tens to hundreds of km) signals were superimposed, particularly strongly between ca. 1930 and 1990 by
the coal and oil production history in north-western Russia (peaking between 1970 and 1990).
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A surprising feature in the organic compound and radiocarbon records is the high contribution of fossil-fuel-derived
EC in the 1700s and early 1800s before the onset of industrialization. The radiocarbon data suggests a contribution
of 44%—62% and the organics data 16%—72% of fossil fuel-derived EC in this time period (Figures 6a and 6b). The
absolute EC deposition was very low in this time period but still the percentage based on radiocarbon and organics
analyses seems surprisingly large in a time period where fossil fuel combustion must have been marginal. Ruppel
et al. (2021) found similar numbers in early 1800s for the contribution of fossil fuel combustion to SBC depo-
sition in a north-western Russian lake sediment record (Figure 6¢) and attributed this to peat combustion. The
radiocarbon value of peat combustion-derived BC varies according to the age of the combusted peat. In north-
ern Eurasia peats are on average ca. 5,000—6,000 years old (Mékili et al., 2013; Ruppel et al., 2013), and their
combustion-derived BC would equal the radiocarbon signal of a 50% fossil fuel source, as the half-life of radio-
carbon is ca. 5,700 years. In boreal environment peats have been used as an energy resource for over 2,000 years
(World Energy Council, 2013). In the Arctic, very old peat layers can be reached close to the surface, such as ca.
6,600 years at 39 cm depth in northern Russia (H. Zhang et al., 2018), increasing the likelihood of these old peats
being used as fuel. Furthermore, whaling was intense in the 17th and 18th century in Svalbard and its surrounding
seas, which could potentially have had some effect (although unlikely), depending on the used fuel for boiling the
whale blubber to oil. Thus, we haven't found a definite explanation for the high contribution of fossil fuel sources
to the EC in the ice core in the 1700s and early 1800s, but we can speculate on partial explanations.

3.4. Source Areas Based on Airmass Transport Statistics

General transport patterns of pollutants to the Arctic were more or less established 40 years ago (e.g., Rahn &
McCaffrey, 1980) together with the Arctic Haze concept. The Eurasian sector has since been regarded as the main
contributor of pollutants to the Arctic. This was confirmed by more detailed later studies of key pollutants (e.g.,
Hirdman et al., 2010). However, Backman et al. (2021) recently highlighted transport of BC from Asia to the
Arctic as being a particularly efficient pathway for pollutants from that region.

Here, we investigate whether different emission source regions could be responsible for different EC deposition
observed at the Holtedahlfonna glacier. Because of the long averaging times represented by the ice core samples,
single trajectories cannot be assigned to observations. Instead, transport probability maps were compared for
relatively low and relatively high EC samples, respectively. The average and the lower and upper quartiles were
calculated based on the different EC deposition amounts recorded at Holtedahlfonna between 1948 and 2004.
Based on these, the relative difference from the mean in transport probability were calculated for the low and high
cases in relation to the average footprint. The resulting geographical distributions are presented in Figure 7. The
two cases clearly exhibit organized patterns in different parts of the northern hemisphere. In case of high observed
EC deposition at Holtedahlfonna, there is a positive bias in airmasses arriving to the glacier from about the Ural
Mountains to the east to about Alaska via Siberia and East Asia (Figure 7a). In cases of low observed EC depo-
sition at the glacier, the sector with positive bias also begins around the Ural Mountains but extend west to about
the Atlantic Ocean (Figure 7b). Furthermore, inspection of meteorological parameters (Figure S5 in Supporting
Information S1) suggests that low recorded EC values in the ice core are associated with high precipitation and
low-level atmospheric transport of EC which indicates strong removal processes of EC from the atmosphere over
the Atlantic before arriving at the glacier. The high recorded EC values, on the other hand, are associated with
high level transport above the cloud layers, on average low relative humidity, and little precipitation on the route
to Svalbard, by subsiding airmasses from aloft originating from East Asia and Siberia. East Asia is a known
strong anthropogenic BC emitter (Figure 7d), while also high BC emissions occur over East Siberia from natural
wildfires indicated in Figure 7c. Notably, high recorded EC values in the ice core are accompanied by emphasized
atmospheric transport from the north-western Russian flaring region (Figures 7a and 7d), while low EC values
are recorded in time intervals when airmasses originated remarkably less from this area (Figures 7b and 7d).

Figure 6. Fraction of non-fossil fuel combustion-derived elemental carbon (EC) based on '“C analyses and modeled from organic component results, and comparison
of '“C-based contribution of non-fossil-fuel-derived EC in the ice core to biomass-combustion-derived soot-BC in a north-western Russian lake sediment record.

(a) The fraction of non-fossil fuel combustion-derived EC is presented in red bars for the time periods covered by the '“C analyses. The same is presented for the
modeled results based on organic compound analyses, where the thick blue lines represent the time periods covered by the respective samples. (The dashed lines do not
indicate analytical values but connect data points and are intended to follow the respective trend.) (b) Same data as in (a) synthesized over 5 time periods (1715-1860;
1860-1913; 1913-1960; 1960-1992; 1992-2003) to emphasize possible trends. The mean value over the selected time periods is presented as squares, and the range of
results is shown by the arrows. The respective number of samples represented by the means is given in numbers next to the arrows. (¢) Comparison of the contribution
of biomass combustion-derived EC in the Holdahlfonna ice core (red) and soot-BC (SBC) in a northwestern Russian lake sediment core (green, data from Ruppel

et al. (2021)) determined by radiocarbon analysis of the respective BC particle fraction.
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Figure 7. The origin and preferential transport routes for elemental carbon (EC) to the Holtedahfonna glacier for samples
with relatively high and low EC concentrations between 1948 and 2004, and anthropogenic and natural BC emissions in 1999
(mg m~2 yr~1). (a) Relative difference in EC source areas for upper quartile (75th percentile) samples, (b) Relative difference
in EC source areas for lower quartile (25th percentile) samples, (c) Natural open fire BC emissions in 1999 (data from van
Marle et al. (2017)), (d) Anthropogenic BC emissions in 1999 (data from CMIP6, Hoesly et al. (2018)).

Backward calculated trajectories are inherently uncertain especially as the calculated time approaches or exceeds
the synoptic time scale. In this comparison additional uncertainties arise from the fact that the meteorological
data record starts from a time when the density of observations was much less than today. Nevertheless, our
results (Figure 7) consistently suggest subtle changes in atmospheric transport patterns that could be significant
for transport and fate of BC in the Arctic. Our results show that not only changes in emissions are responsible
for the recorded EC deposition variations at the Holtedahlfonna glacier, but also changes in atmospheric trans-
port patterns. After 1948 atmospheric transport from Asia seems to have become more efficient to the glacier,
which is according to the modeling results linked to elevated EC deposition. This suggests that the increasing
EC deposition observed in the ice core post-1970 (Figure 2a; Ruppel et al., 2014) is of Asian origin. Thus, the
decreasing emissions in Europe (according to emission inventories, e.g., Bond et al., 2007; Hoesly et al., 2018)
are not reflected in the ice core EC trend since the glacier has received atmospheric transport increasingly from
other more emitting areas in the northern hemisphere which compensated for the decreasing European emissions.
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4. Summary and Conclusions

Deciphering EC sources from an ice core record is a complex task. A wide range of different emission sources
affect the particles recorded in ice cores at a specific point in time, and these may vary temporally due to
changes in the used fuels in different source regions, changes in combustion strength and efficiency, and
variations in atmospheric transport to the glacier site. Our analyses of organic compounds, trace elements
and radiocarbon together with atmospheric transport modeling present a comprehensive, but at the same
time inexhaustive view on sources that have affected the Holtedahlfonna ice core over 300 years. Fossil fuel
combustion contributed a large part to the EC deposition at the glacier soon after the beginning of industri-
alization until WWI, particularly based on the organics and trace element data. A second evident increase
in fossil fuel sources occurs toward the end of the record: according to radiocarbon measurements, the peak
in fossil fuel use occurred between 1960 and 1990, while the organics and trace element data both (more so
the organics) suggest that the contribution of fossil fuels has increased since the 1970s toward the end of the
record. Unfortunately, our organic compound and trace element results were not able to help distinguish EC
emission sources in more detail than the separation to fossil versus non-fossil fuel sources achieved by the
radiocarbon analyses of EC, but the atmospheric modeling results suggested elevated EC deposition recorded
at the glacier between 1948 and 2004 to be associated with airmasses arriving from Far East Asia rather than
Europe.

Our measurements have shown the applicability of organic compound analyses in the source apportionment
of EC in Arctic snow and ice core samples. While this study suffered from incomplete sampling of all organic
compounds, that is, the water-soluble part was lost completely, the results show the great potential of these
compounds for source apportionment in remote environments. EC source apportionment with help of organic
marker compounds may turn out invaluable in the Arctic and other remote regions due to the extremely low
sample size required for the analyses (see Section 2.2). The approach presented here to separate the sources of EC
based only on the WIOC associated with EC is limited by the lack of specific markers for biomass combustion.
Combining this approach with the determination of water-soluble organic components in the filtrate that are
specific to biomass combustion, for example, anhydro sugars such as levoglucosan, can certainly improve the
discriminatory power of the statistical data analysis.

For comprehensive analysis, snow and ice samples must be properly collected, stored and handled to avoid loss
of source markers or contamination of samples, as described in Giorio et al. (2018). This includes collection of
filtrates (including WSOC) and filtration residues (including WIOC) and storage of samples in a freezer. Mean-
while, radiocarbon analyses of EC seem to present very robust results on biomass versus fossil fuel sources of EC,
even across disciplines and different fractions of BC being analyzed. The caveats of this methodology are, first,
the quite large sample amount required, and second, the two-dimensional source separation into only biomass
versus fossil fuel sources of EC. Analysis of the stable carbon isotope composition of the EC would enable sepa-
rating the fossil fuel sources further into coal, liquid fossil fuels and gas flaring facilitating comparison of the
analyses with emission sectors commonly used in climate modeling (e.g., Winiger et al., 2017), but these analyses
require again a larger sample size which is often challenging to achieve in remote environments. Thus, combining
radiocarbon analyses with organic compound analyses presents another possibility to acquire robust and excep-
tionally comprehensive EC source apportionment from comparably small sample amounts. Here, the radiocarbon
measurements are invaluable in quality control of the PMF analyses based on the organic compounds. Trace
element, major ion or any other chemical source apportionment analyses may support and work as quality control
for EC source apportionment in ice cores.

Data Availability Statement

The numerical measurement analyses data used for EC source apportionment (organic compound and trace
element fluxes, and radiocarbon measurements) of the study are available at the Finnish Meteorological Institute
repository METIS provided by EUDAT under the CC BY 4.0 open-access license upon publication of the manu-
script, https://doi.org/10.23728/fmi-b2share.858bbae80cde4b26bda0a37a56d7db99. Used software for PMF and
radiocarbon analyses and HYSPLIT modeling are referenced in the manuscript.
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