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ABSTRACT: Within and surrounding high-latitude cities, poor
air quality disturbs Arctic ecosystems, influences the climate, and
harms human health. The Fairbanks North Star Borough has
wintertime particulate matter (PM) concentrations that exceed the
Environmental Protection Agency’s (EPA) threshold for public
health. Particulate sulfate (SO4

2−) is the most abundant inorganic
species and contributes approximately 20% of the total PM mass in
Fairbanks, but air quality models underestimate observed sulfate
concentrations. Here we quantify sulfate sources using size-
resolved δ34S(SO4

2−), δ18O(SO4
2−), and Δ17O(SO4

2−) of partic-
ulate sulfate in Fairbanks from January 18th to February 25th,
2022 using a Bayesian isotope mixing model. Primary sulfate
contributes 62 ± 12% of the total sulfate mass on average. Most
primary sulfate is found in the size bin with a particle diameter < 0.7 μm, which contains 90 ±5% of total sulfate mass and poses the
greatest risk to human health. Oxidation by all secondary formation pathways combined contributes 38 ± 12% of total sulfate mass
on average, indicating that secondary sulfate formation is inefficient in this cold, dark environment. On average, the dominant
secondary sulfate formation pathways are oxidation by H2O2 (13 ± 6%), O3 (8 ± 4%), and NO2 (8 ± 3%). These findings will
inform mitigation strategies to improve air quality and public health in Fairbanks and possibly other high-latitude urban areas during
winter.
KEYWORDS: air quality, aerosols, stable isotopes, sulfate, particulate matter, sulfur oxidation

1. INTRODUCTION
Particulate matter smaller than or equal to 2.5 microns in
diameter (PM2.5) causes cardiovascular and respiratory
diseases and is responsible for over 4 million premature deaths
per year globally.1−4 In urban environments, sulfate is a major
contributor to particulate mass, accounting for 20% of PM2.5
on average.5,6 Air quality models often underestimate sulfate
concentrations in polluted regions on the order of 2−6× lower
than the observed ambient concentrations, suggesting
unaccounted for primary sulfate emissions or secondary sulfate
formation mechanisms in these environments.7−9

The Fairbanks North Star Borough (FNSB) is classified by
the US Environmental Protection Agency (EPA) as a “serious”
nonattainment area because the city exceeds the 24 h national
standard of 35 μg m−3 every winter. The American Lung
Association ranks Fairbanks in the top three worst cities for 24
h particle pollution, averaging 37 days where PM2.5
concentrations exceed 35.5 μg·m−1 per year between 2017−

2021.10 Pollution events in Fairbanks often occur at temper-
atures less than −20 °C and are exacerbated by strong
temperature inversions, low winds, and minimal vertical
mixing.11,12 Most particulate matter (PM) mass in Fairbanks
is organic PM from domestic woodburning (19−52%),
gasoline exhaust (16−18%), and diesel (9−14%).13−16 After
woodsmoke, sulfate is the second largest contributor to PM2.5
mass (15−33%).14−16 Community multiscale air quality
(CMAQ) model simulations underestimate sulfate concen-
trations during winter in FNSB by 67%.17 This discrepancy
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makes it difficult to use the model to develop effective
mitigation measures for reducing atmospheric sulfate.
Most studies conducted in Fairbanks have identified

residential fuel oil as the dominant source of sulfur PM in
Fairbanks.14−16,18 Wood-fired space heating is a minor source
of atmospheric sulfur in Fairbanks. Emissions inventories in
Fairbanks estimate that woodburning produces 4% as much
SO2 as fuel oil in tons·day−1 for space heating sources.19 Coal
is not considered an important sulfate source even though
several coal-fired power plants are within the Fairbanks
nonattainment area.19 These plants burn low-sulfur coal from
the Usibelli mine (sulfur content < 0.20%).19 Most
importantly, their smokestacks often emit above the stable
and shallow inversion layer (<20 meters) during winter
pollution events.11,12,19 This suggests that there is a minimal
contribution of coal-derived sulfate on the highest pollution
days in Fairbanks and that ground-level, residential fuel oil
combustion is the major sulfur source.11,12,20
Primary sulfate is a sulfate that is emitted from a plume fully

oxidized.21 It is parameterized in emissions inventories and air
quality models using a bottom-up approach, where most sulfur
is emitted in the form of gas-phase sulfur dioxide (SO2), and
1−5% is emitted directly as primary sulfate.1,22,23 Current
CMAQ modeling in Fairbanks uses a primary sulfate emission
factor of 0.5%. This value is calculated from speciation profiles
of Fairbanks heating oil and the ratio of primary sulfate per
gallon of fuel oil burned, where the latter is largely based on
literature published between 1960−1980.19,23 The accuracy of
this emission factor is limited by the paucity of both laboratory
and ambient primary sulfate observations.
The main formation pathways of secondary sulfur PM in

polluted environments are gas-phase oxidation of SO2 by OH
and aqueous-phase oxidation of dissolved SO2 in cloud and
aerosol particles by hydrogen peroxide (H2O2), ozone (O3),
nitrogen dioxide (NO2), and oxygen (O2) (via transition metal
ion catalysis (TMI-O2)) to form sulfate.7,24,25 Additionally,
hydroxymethanesulfonate (HMS), an adduct of sulfite/
bisulfite (SO3

2−/HSO3
−) and formaldehyde (HCHO) that is

present in PM, can be a major organosulfur species in
wintertime haze events in HCHO-rich environments.26−29

Factors that influence PM sulfur formation in both cloud
drops or aerosol particles include oxidant concentrations,
liquid water content, pH, and ionic strength.3,7,18,25,30−32 Due
to the short duration of daylight during winter in Fairbanks
(4−6 h day−1), photochemically-produced oxidant abundances
(OH and H2O2) may be low.33 Additionally, O3 is not
abundant during ultrapolluted periods because it is titrated by
NOx at the surface.11 Due to low oxidant abundances and
cloud liquid water, it has been hypothesized that sulfur aerosol
production in Fairbanks occurs via multiphase and heteroge-
neous oxidation of SO2 in aerosol liquid water (ALW) with
high ionic strength.7,18,20,25,34−36 The high ionic strength of
ALW and extremely low temperatures affect the solubility of
gaseous SO2, the partitioning of S(IV) species (SO2 + HSO3

−

+ SO3
2−), and the rate constants of aqueous oxidation.7,18,32

Finally, pH is important for O3, NO2, and TMI-O2 oxidation
because it affects the partitioning of S(IV) species and metal
solubility.34 The O3 oxidation pathway is only significant at pH
> 5−6.37,38 NO2 oxidation can occur at lower pH but
ultimately exhibits similar pH sensitivity as O3 since the
reaction rate increases as pH and SO2 solubility increase.30
Conversely, the TMI-O2 pathway by both Fe(III) and Mn(II)
requires acidic conditions since metal solubility increases as pH

decreases.37 These reactions produce sulfate with a specific
oxygen isotopic composition and fractionate sulfur isotopes,
resulting in isotopic composition that reflects the sulfur source
and sulfate formation pathways.
Oxygen isotopes reveal the prevalence of primary sulfate and

characterize the dominant secondary oxidation pathways.
Primary sulfate has the heaviest δ18O signature (δ18O(SO4

2−

= +23.5 ± 0.3‰) because it is composed of molecular oxygen
from combustion.39−41 Secondary sulfate is lighter than
primary sulfate because SO2 exchanges its oxygen atoms with
both water vapor and liquid water which has a relatively light
oxygen isotopic composition (<0‰), with the most depleted
δ18O values in the Northern Hemisphere at high latitudes
(−20 to −30‰).42−45 Thus, the δ18O of emitted SO2 does not
retain the oxygen composition of the sulfur source due to rapid
isotopic exchange between SO2 and liquid and vapor H2O in
the atmosphere.42,43 Δ17O(SO4

2−) refers to the enrichment of
δ17O(SO4

2−) relative to δ18O(SO4
2) (eq 1) and has been used

in many studies to estimate the importance of H2O2
(Δ17O(SO4

2−) = +0.8‰) and O3 (Δ17O(SO4
2−) = +9.8‰)

oxidation in the atmosphere.25,34,46−50

O(SO ) O(SO ) 0.52( O(SO ))17
4
2 17

4
2 18

4
2= (1)

δ34S(SO4
2−) measurements constrain the contribution of

different secondary sulfate formation pathways because sulfur
isotopes fractionate during the oxidation of SO2 to sulfate.
Sulfur isotope fractionation factors are unique to a specific
oxidation pathway and thus the extent of fractionation is
sensitive to the oxidants involved.51 There are several factors
that determine the sulfur isotopic signature: (1) the source
signature of SO2 upon emission, (2) the ambient temperature
during oxidation, (3) the oxidation pathway, and (4) the sulfur
oxidation ratio (SOR) or degree of sulfate formation relative to
its precursors.52 We present sulfur and oxygen isotope
measurements of atmospheric sulfate collected during the
Alaskan Layered Pollution and Chemical Analysis (ALPACA)
field campaign in Fairbanks, AK in January and February 2022.
We use these observations to quantify primary and secondary
sulfate sources and show that primary sulfate is the dominant
contributor to particulate sulfate.

2. METHODS
2.1. Filter Sample Collection in Fairbanks and Gas-

Phase Measurements of SO2 and O3. Quartz filters (TE-
QMA and TE-230-QZ) were rinsed with 18 MΩ·cm water and
pre-combusted at 500 °C for 8 h before being wrapped in
aluminum foil in airtight polyethylene bags prior to the field
campaign. A Volumetric Flow Controlled Particulate Sampling
System (TE-5170) with a 4-stage cascade impactor (TE-230)
was used to collect 24 h size-resolved aerosol samples at
Fairbanks Community Technical College (CTC) (64.84064°
N, 147.72677° W) between January 17th to February 25th,
2022. Size-resolved bins were determined by calculating the
particle size cutoff (Dp,50) at 50% collection efficiency using
the corrected flow rate in each sample (equation S1 in the
Supporting Information). For each collection period, filters
were combined to form three-size bins: particle diameters <0.7
μm (PM<0.7), 0.7−2.5 μm (PM0.7−2.5), and 2.5−10 μm
(PM2.5−10). Both PM0.7 and PM0.7−2.5 fall within the EPA-
regulated fine particle range deemed PM2.5, but they are
analyzed in separate size bins here.
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Filter samples were collected daily between 9:30 AM to 9:00
AM the following day, except for one exceptionally polluted
period between January 31st to February 3rd when the filters
were changed twice per day at approximately 9:30 AM and 5
PM local time (Table S2). Prior to each TE-5170 calibration, a
1 min blank with no flow through the air sampler was collected
to yield four sets of blanks, for a total of 16 slotted filter blanks
and 4 backup filter blanks. In-situ gas-phase SO2 (Thermo
Scientific 43C) and O3 (Thermo Scientific 49C) were
measured from an inlet at 3 meters above the valley floor at
the CTC site at 1 min resolution, which was used to calculate
the average SO2 and O3 concentrations during sample
collection.
Ten snow samples were collected throughout the campaign

to measure δ18O(H2Osnow). Snow samples were collected from
the surface of undisturbed snowpack in 50 mL Nalgene bottles
approximately 15 feet from the TE-5170 (Table S5).
Two filter samples were collected for 1 week each at the

Poker Flat Research range (65.1256° N, 147.4919° W), a
relatively clean site 46 km north of Fairbanks, to represent a
two-week average of background sulfate. Atmospheric particles
were collected using a high-volume sampler (Digitel, DH77,
TSP inlet, 1 m3 min−1) on pre-combusted quartz filters
(Whatman 150 nm diameter).
2.2. Ion Chromatography of SO4

2−, S(IV), and
Hydroxymethanesulfonate (HMS). Hydroxymethanesulfo-
nate (HMS), non-HMS S(IV), and sulfate (SO4

2−) concen-
trations were measured in a Metrostep A Supp-5 ion
chromatograph (IC) using a low concentration (1.0 mM
NaHCO3 and 3.2 mM Na2CO3) isocratic elution method, as
described by Campbell et al. (2022). With this IC
configuration, non-HMS S(IV) (HSO3

−, and SO3
2−) and

HMS have identical retention times and were distinguished by
running two aliquots with and without the addition of H2O2.
Non-HMS S(IV) is oxidized by H2O2 to form sulfate, while
HMS resists oxidation by H2O2 and remains intact in the
aqueous phase.53 Ambient concentrations of SO4

2−, non-HMS
S(IV), and HMS from the filter samples and mean SO2
concentration during each filter sampling period were used
to calculate the sulfur oxidation ratio (SOR) for each filter
sample. The SOR represents the number of moles of SO4

2−

formed relative to the total moles of sulfur species and is an
indicator of the degree of oxidation of SO2 to sulfate aerosol
(eq 2):

SOR
SO

SO S(IV) SO
4
2

2 4
2= [ ]

[ ] + [ ] + [ ] (2)

where SO2 is in mols·m−3, S(IV) refers to total S(IV),
including HMS in mols·m−3, and SO4

2− represents all S(VI)
species (including H2SO4, HSO4

−, and SO4
=) in mols·m−3.

2.3. Isotope Measurements. For isotope analysis at the
University of Washington, samples (including field blanks)
were extracted into 18 MΩ·cm Millipore water and then
filtered through a 0.2 μm poly(ether sulfone) (PES) syringe
filter to remove insoluble species. Due to insufficient PM mass
for isotopic analysis, PM0.7−2.5 and PM2.5−10 measurements
combined several consecutive days of samples from 10 periods,
which are detailed in Table S2 and indicated in Figure 1.
Isotope samples were prepared for silver salt pyrolysis as
described in Schauer et al. and Geng et al.54,55 Briefly, the
filtrate was neutralized by converting anions to sodium form
with an offline cation exchange resin (AG 50W-X8 Resin from

Bio-Rad). This converts sulfuric acid (H2SO4) to sodium
sulfate (Na2SO4), which prevents sample loss due to
evaporation. This step is followed by the removal of soluble
organics by adding 30% H2O2 and drying in a MiVAc Duo
concentrator. Sulfate was separated from other ions in the
sample matrix in a Dionex ICS-2000 before being converted to
Ag2SO4 using Ag+-charged cation-exchange resin, as described
in Geng et al.55
Oxygen isotope measurements were performed on a

Finnegan MAT253 isotope ratio mass spectrometer using the
same configuration as Geng et al.55 Oxygen isotope measure-
ments were corrected for isotopic exchange with quartz and
conversion of HMS and non-HMS S(IV) to sulfate during
sample preparation (Supporting Information, section 1.4.1).
Sulfur isotope composition was measured using a separate

Figure 1. Time series of sulfur species concentrations (a), δ18O(b),
δ18O (c), and δ18O (d) measurements. (a) Ambient concentrations of
sulfur species including SO4

2− (gold), non-HMS S(IV) (blue), and
HMS (magenta). The SOR for each sample is plotted with a black
dashed line. Isotope observations in (b)−(d) are divided into three
size bins: PM0.7 (gold squares), PM0.7−2.5 (narrow pink diamonds),
and PM2.5−10 (wide blue diamonds). The error bars represent the
propagated errors for each measurement. Daily PM0.7−2.5 and PM2.5−10
samples were combined into 10 periods as indicated by the vertical
gridlines. A 2 week average of isotopic composition at Poker Flat is
shown with gray shading in (b)−(d). The measured δ34S source
signature for fuel oil is shown in blue in (d).
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Finnegan MAT253 isotope ratio mass spectrometer with the
same configuration as Jongebloed et al.56 δ34S values were
normalized to the Vienna Canyon Diablo Troilite (VCDT)
scale using four in-house reference materials that are regularly
calibrated against the international reference materials IAEA-S-
1, IAEA-S-3, and NBS-127. A sulfur isotope correction for
sulfate formed from HMS and S(IV) during sample processing
was estimated as described in Supporting Information, section
1.4.2. The δ34S composition of Fairbanks fuel oils #1 and #2
acquired during winter 2022 was measured by combusting 6
μL of fuel oil in a 50 μL tin capsule packed with tin powder. A
source signature for δ34Semission was calculated using the δ34S
measurements for fuel oil #1 (+3.7 ± 0.6‰) and fuel oil #2
(+4.9 ± 0.1‰) and weighing the values by sulfur content (896
and 2053 ppmv, respectively) and domestic use (33% and
67%, respectively; Table S4).19 This yielded a δ34Semission
signature of +4.7 (±0.6)‰. The analytical error of the
measurements (±0.8‰, ±0.2‰, and ±1.0‰ for δ18O, Δ17O,
and δ34S, respectively) was estimated from duplicate sample
analyses (performed on 30% of the Fairbanks samples) and
replicate measurements of standards in quartz and silver
capsules. The fully propagated errors, including isotopic
corrections for the three measurements, are δ18O (±1.9‰),
Δ17O (±0.4‰), and δ34S (±1.2‰).
2.4. Sulfate Source Apportionment Using a Bayesian

Isotope Mixing Model. We developed an isotope mixing
model to investigate the contributions of primary sulfate and
five secondary sulfate formation pathways (H2O2, O3, TMI-O2,
OH, and NO2). The model inputs are the δ18O(SO4

2−),
Δ17O(SO4

2−), and δ34S(SO4
2−) observations. The δ18O(H2O)

of Fairbanks snow (δ18O(H2O(precip)) was measured through-
out the campaign with an average value of −24.8 ± 2.1‰
(Table S3). The relationship between measured δ18O-
(H2O(precip)) and ambient temperature was used to calculate
the secondary δ18O(SO4

2−) source signatures for each sample
(detailed in Supporting Information, sections 3.1 and 3.2).
This represents a source of uncertainty, as the relationship
between δ18O(H2O(precip)) and the temperature was not
directly measured for each sulfate sample. For a given
temperature, the error in δ18O(H2O(precip)) is ±0.35‰,
which is the error in the intercept of Figure S14(b).
Table 1 summarizes the isotopic signatures used in the

model (detailed in Supporting Information, section 3.3).

Sulfate formed from the NO2 oxidation pathway has a light
δ18O signature of −17.2 ± 1.6‰ because NO2SO3
decomposes and rapidly hydrolyzes to form SO4

2− and
HONO.25,34,57 TMI-O2-derived sulfate is slightly heavier
(−5.3 ± 1.2‰) as the fourth oxygen is from dissolved O2.
The TMI-O2 path includes both the oxidation of inorganic
S(IV) by Fe and Mn as well as by excited triplet states of
brown carbon as these produce sulfate with the same O
isotopic signature.24,58 Both H2O2 and O3 oxidation result in a
heavier signature (δ18O(SO4

2−) = +10.0 ± 0.8 and +21.3 ±
1.2‰, respectively) because the oxidants themselves have
relatively heavy δ18O values (+22 to +52‰ and +130‰,
respectively).59,60 For H2O2, the oxidant supplies two of the
four oxygen atoms of sulfate, leaving a smaller contribution
from isotopically light water.50 The H2O2 path includes
hydrogen peroxide formed in the particle phase and gas
phase; however, we expect the gas-phase path to be minor
during the most polluted periods because the very high NOx
observed during the campaign may suppress formation of
H2O2(g).61,62
For δ18O(SO4

2−) and Δ17O(SO4
2−), mass balance eqs 3 and

4 were used to represent the fractional contributions of the six
sulfate formation pathways.

f f f

f f

f f f f

f f f

O(SO )(‰) O O O

O O

O where

18
4
2

primary
18

primary H O
18

H O O3
18

O3

TMI O
18

TMI O OH
18

OH

NO2
18

NO2 primary H O2 O3

TMI O OH NO

2 2 2 2

2 2

2

2 2

= · + · + ·

+ · + ·

+ · + +

+ + + (3)

f f f

f f

f f f f

f f f

O(SO )(‰) O O O

O O

O where

17
4
2

primary
17

primary H O
17

H O O3
17

O3

TMI O
17

TMI O OH
17

OH

NO2
17

NO2 primary H O2 O3

TMI O OH NO

2 2 2 2

2 2

2

2 2

= · + · + ·

+ · + ·

+ · + +

+ + + (4)

Equations 5−7 show the modeled sulfur isotope fractionation
factors for SO2 oxidation by H2O2, O3, TMI-O2, and OH as a
function of temperature51,50,51

T1(‰) 16.51 0.085 ( C)H O &O2 2 3
= · ° (5)

T1(‰) 5.039 0.237 ( C)TMI O2
= · ° (6)

T1(‰) 10.60 0.004 ( C)OH = · ° (7)

The fractionation factor (εNOd2
) for SO2 oxidation by NO2 is

+1.0‰.64 It should be noted that the average daily
temperature in Fairbanks (−30 °C to 0.0 °C) was at times
below the temperature ranges tested in laboratory measure-
ments of δ34S fractionation factors (−25 °C for H2O2, O3,
TMI-O2, OH,) and −7 °C for NO2.63,64 Yang et al. found that
there was not a significant temperature difference for NO2
fractionation at temperatures <8 °C.64
Sulfur isotope fractionation in secondary sulfate formation is

parametrized via Rayleigh distillation. eq 8 was used to
calculate the δ34S isotope fractionation factors (ε) for
secondary sulfate as a function of the isotopic primary source
signature, average ambient temperature during sample
collection (eqs 5−7), and the sulfur oxidation ratio (SOR).
δ34Semission is assumed to be the same as primary sulfate
(δ34Sprimary = +4.7(±0.6)‰) since sulfur isotope fractionation
of fuel oil during high-temperature combustion is expected to

Table 1. δ18O(SO4
2−), Δ17O(SO4

2−), and δ34S(SO4
2−)

Isotopic Signatures Used in Mass Balance Equations

Pathway
δ18O(SO4

2−) (‰)
avg ± 1σa

Δ17O(SO4
2−)

(‰)
δ34S(SO4

2−) and ε34Sb
(‰) avg ± 1σc

primary +23.5 ± 0.3 −0.34 δ34Sprimary = +4.7 ± 0.6
O3 +21.3 ± 2.3 +9.8 ε34SOd3

= +18.9 ± 0.6

H2O2 +9.8 ± 1.5 +0.8 ε34SHd2Od2
= +18.9 ± 0.6

TMI-O2 −5.6 ± 2.3 −0.09 ε34STMI‑Od2
= −1.2 ± 1.8

NO2 +17.5 ± 3.0 0.0 ε34SNOd2
= +1.0 ± 0.46564

OH −6.7 ± 2.1 0.0 ε34SdOH
= +11.7 ± 0.03

aAverage ± 1σ reflects the range in δ18O(SO4
2−) signatures due to the

temperature-dependence of water vapor and liquid water (see
Supporting Information, section 1.3). bεoxidant = (α34

oxidant − 1) ×
1000 and α34

oxidant = (34S/32S) products/(34S/32S) reactants. cAverage
± 1σ reflects the range in 34S signatures and fractionation factors due
to the temperature-dependence of sulfur isotope fractionation during
secondary sulfate formation (eqs 5−7).63
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be minimal.65 This is consistent with previous studies that
assume primary sulfate from combustion retains the δ34S-
(SO4

2−) signature of the sulfur source.66−68 We assume that
Fairbanks is a closed system, where long-range transport of
biogenic and volcanic sulfur can be neglected. This assumption
is further supported by prior literature showing that the
pollution layer is often confined lower than 20 meters in
Fairbanks with the highest PM2.5 concentrations below 3
meters.11,12,19,69 On-road mobile sampling performed by
Robinson et al. (2023) found the lowest PM2.5 concentrations
at the top of hills and asserted that residential neighborhoods
were unequivocally the dominant PM source.
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We used a Markov Chain Monte Carlo (MCMC) method to
estimate the fractional contribution of primary sulfate and five
secondary sulfate formation pathways in the isotope mixing
model.70,71 We assumed that the observed δ18O(SO4

2−),
Δ17O(SO4

2−), and δ34S(SO4
2−) follow a multivariate Gaussian

distribution. We used a Dirichlet distribution as the prior for
the fractional contributions such that each fraction is in the
interval [0,1] and all fractions sum to 1. MCMC was used to
calculate the fractional contributions of each sulfate formation
pathway for each sample and estimate the uncertainty by
providing a 95% confidence interval.

3. RESULTS AND DISCUSSION
3.1. Ambient Sulfur Concentrations and Isotope

Observations. Figure 1 shows the concentrations of sulfur
species contributing to PM mass in Fairbanks between January
18th and February 25th, 2022. Sulfate concentrations range
from 1 to 5 μg m−3 and contributes 85 (±9%) of total PM
sulfur (sulfate + total S(IV), including HMS and non-HMS
S(IV)) by mass throughout most of the campaign (Figure 1a).
Non-HMS S(IV) and HMS on average contribute 6 (±3)%

Figure 2. Regressions of (a) Δ17O vs δ18O, (b) Δ17O vs δ34S, and (c) δ18O vs δ34S, where the solid black line is the linear least-squares regression
line. The three size bins are depicted by the shape of the marker, as defined in the legend. The color bar shows the sulfur oxidation ratio (SOR) for
each sample. Poker Flat measurements are depicted with black triangles. The isotopic composition of fuel oil is shown by a blue line. The gray
shaded region shows the full possible range of δ18O, Δ17O, and δ34S source signatures with the average source signature for each pathway plotted as
a black star.
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and 9 (±6)% of sulfur PM mass, respectively. Sulfur PM and
SO2 concentrations were highest from January 29th and
February 3rd, when temperatures averaged −25 °C and were
as low as −30 °C. During this period, 23.5 h averaged sulfate
concentrations were as high as 7.4 μg m−3 and averaged 5.6 μg
m−3 (Figure 1a). The mass concentrations of S(IV) relative to
sulfate were also highest during this period: combined, HMS +
non-HMS S(IV) contributed 26% (±8%) sulfur PM mass. The
average sulfur oxidation ratio is low during the ultrapolluted
period (7 ± 2%) and was similar to the average SOR
throughout the campaign (8 ± 4%; Figure 1a). Total sulfate
concentrations are not correlated with SOR (r2 = 0.02, p-value
> 0.1), but are positively associated with SO2 (r2 = 0.44, p-
value < 0.01; Figure S13).

Figure 1 also shows the oxygen and sulfur isotopic
measurements of sulfate in PM. The PM0.7 size bin has
substantially higher δ18O and lower Δ17O (+16.2 ± 3.1‰ and
+0.43 ± 0.42‰, respectively) compared to PM>0.7 (+5.2 ±
2.5‰ and +1.8 ± 1.2‰ for PM0.7−2.5 and PM2.5−10,
respectively), suggesting a larger fraction of primary sulfate
in the smaller size bin (Figures 1b,c). At times, PM0.7 δ18O and
Δ17O observations approach the source signature of primary
sulfate (+23.5‰ and −0.35‰, respectively; Table 1).
δ34S(SO4

2−) of PM>0.7 (+7.7 ± 1.3‰) is more enriched
than PM0.7 sulfate (+6.4 ± 1.1‰; Figure 1d). There is no
relationship between surface temperature at 3 m and
δ34S(SO4

2−) observations, suggesting that increased temper-
atures and enhanced vertical mixing does not have a detectable
effect on sulfur isotope composition due to surface mixing of

Figure 3. Time series of the estimated contributions of primary sulfate (navy) and secondary sulfate formation via the NO2 (green), O3 (gold), OH
(orange), TMI-O2 (light blue), and H2O2 (pink) pathways. Mass concentrations and average fractional contributions for PM0.7 sulfate are
presented in (a) and (b), respectively. Likewise, (c) and (d) show mass concentrations and fractional contributions of PM0.7−2.5 and PM2.5−10
sulfate combined as PM>0.7 μm. The line graphs (a and c) show the estimated mass concentration for each sulfate formation pathway, and the
shading represents the 95% confidence interval. The difference in scale for the y-axis for (a) and (c) should be noted. The bar charts (b and d)
summarize the median fraction for each pathway and period during the campaign. “Day” and “Pol. Night” correspond to the daytime and nighttime
samples collected during the ultrapolluted period between January 30th and February 2nd.
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sulfur from coal-fired powerplants. This is consistent with
findings in prior literature that suggest that source emissions
from powerplants are likely minor contributors of atmospheric
sulfate in Fairbanks.11,12,19 Bulk PM collected at Poker Flat has
a δ34S = +6.1‰, which is similar to Fairbanks. Poker Flat has
much lower δ18O values (−1.1‰) and enriched Δ17O
(+0.85‰), suggesting that secondary sulfate is dominant at
this clean location outside Fairbanks. HMS and non-HMS
S(IV) concentrations at Poker Flat were below the detection
limit.
Figure 2 shows relationships among observed δ18O, Δ17O,

and δ34S in Fairbanks PM plotted adjacent to the isotopic
source signatures of the six sulfate formation pathways. The
Δ17O and δ18O measurements are negatively correlated
(Figure 2a; r2 = 0.58, p-value < 0.01). The negative correlation
is the opposite of the relationship observed in regions where
secondary sulfate dominates due to enrichment in Δ17O and
δ18O from O3 and H2O2 oxidation.40,72 A negative relationship
between Δ17O and δ18O is expected when primary sulfate is
significant, indicating a varying influence of primary (high
δ18O, low Δ17O) and secondary (low δ18O, high Δ17O) sulfate.
The positive correlation (r2 = 0.36, p-value < 0.01) between
Δ17O and δ34S suggests enrichment in the sulfur isotopes
composition with increasing secondary sulfate formation by
H2O2 and O3 oxidation of S(IV) (Figure 2b), the only
formation pathways leading to Δ17O > 0.0‰. This is
consistent with the fact that these two sulfate formation
pathways lead to the largest enrichment in δ34S (Table 1). In
Figure 2c, the negative correlation between δ18O and δ34S (r2 =
0.38, p-value < 0.01) also suggests that secondary sulfate
formation leads to lighter δ18O values and enriched δ34S.
3.2. Sources and Formation of PM0.7 Sulfate. Figure 3

shows the mass concentrations and fractional contributions of
the six sulfate formation pathways (primary, O3, H2O2, TMI-
O2, OH, and NO2) calculated in the isotope mixing model for
PM0.7 and PM>0.7 (see Supporting Information, section 1.4).
Primary sulfate is the dominant source of sulfate for PM0.7
particles throughout the campaign contributing 2.1 ± 1.4 μg·
m−3 (69 ± 15% of PM0.7 sulfate) on average. During the
polluted period between January 30th and February 2nd, the
fraction of primary sulfate is higher at nighttime (84 ± 9%)
compared to daytime (65 ± 8%; p-value < 0.05). The daily-
mean primary fraction during the polluted period is not
significantly different from other periods in the campaign (p-
value = 0.23), though the average mass concentration of
primary sulfate was more than twice as high (4.0 ± 1.3 μg·
m−3) compared to other periods (1.6 ± 1.0 μg·m−3; Figure
3a,b). Widespread use of residential heating oil creates a
different pollution regime compared to pollution derived from
coal-fired powerplants due the larger amount of direct fine
mode primary sulfate emissions (<100 nm).41,73−76 This
study’s top-down approach shows that CMAQ emissions
inventories in Fairbanks likely underestimate residential
sources of primary sulfate PM.
The dominant formation pathway for secondary sulfate in

the PM0.7 size bin is H2O2, which contributes up to 2.6 ± 1.4
μg·m−3 (37 ± 6% of total PM0.7 sulfate) during the polluted
period and 0.4 ± 0.3 μg·m−3 (14 ± 8%) on average throughout
the campaign. The difference in the fraction of H2O2-derived
sulfate in January (7 ± 4%) compared to February (14 ± 8%)
is statistically significant (p-value < 0.01), likely due to
increased photochemical activity and enhanced vertical mixing
in February.

During the polluted period, HMS concentrations (1.1 ± 0.5
μg·m−3) are comparable to secondary sulfate (1.5 ± 1.0 μg·
m−3), and at times exceed secondary sulfate concentrations
(Figure S20). At night during the polluted period, average
HMS concentrations (1.0 ± 0.2 μg·m−3) exceed secondary
sulfate (0.79 ± 0.40 μg·m−3). During the day, secondary sulfate
concentrations (2.1 ± 0.9 μg·m−3) are higher than HMS (1.3
± 0.7 μg·m−3), largely due to H2O2-derived sulfate, which is
responsible for 1.4 ± 0.8 μg·m−3 of secondary sulfate. Overall,
the atmospheric formation of HMS during the most polluted
period of the campaign rivals the abundance of secondary
sulfate.
Ozone (O3) contributes 6 ± 4% of sulfate in the PM0.7 size

bin on average, except during the polluted period where O3
concentrations are low (<1 ppb) and O3 contribution to
particulate sulfate is less than 4% (Figure S22). O3 is likely the
most important secondary oxidant during the January 24th
“heat wave”, contributing 13 (±4)% of PM0.7, where the
average ambient temperature and O3 concentrations were
−0.14 °C and 18.3 ppb, respectively (Figure S22). The
increased fractions of O3-derived sulfate on February 9th, 12th,
and 17th correspond with relatively high O3 concentrations in
Fairbanks (>20 ppb on average). The fraction of O3-derived
sulfate in the PM0.7 size bin is moderately correlated with
ambient O3 concentrations (r2 = 0.40, p-value < 0.01; Figure
S22).
The fractional contributions of OH, NO2, and TMI-O2,

shown in Figure 3, are more uncertain since their oxygen
isotopic signatures are similar (Table 1). We used the δ34S
observations and known sulfur isotope fractionation factors
(eqns. 5−7, Table 1) in the model to help distinguish between
these three pathways. On average, NO2 contribution to PM0.7
sulfate (6 ± 4%) is similar to that of the O3-derived sulfate and
is higher in February (7 ± 4%) compared to January (3 ± 2%).
NO2 may be the dominant secondary oxidant directly after the
polluted period (February 3rd to February 5th) and for several
days in mid to late February (February 9th and February 18th)
based on the 95% confidence intervals (Figure 3a). NO2-
oxidation contributes up to 18 (±16)% of sulfate in the PM0.7
size bin on February 22. The maximum OH contribution to
sulfate 16 (±15)% was also observed February 22, signifying
enhanced photochemical activity on that day.
On average, OH-derived sulfate contributes 6 ± 3% of PM0.7

sulfate, and, like H2O2 and NO2, it is higher in February (8 ±
3%) compared to January (4 ± 2%). The increase in OH,
H2O2, and NO2 production of sulfate in February is likely due
to increased solar intensity and longer days (8.5 h of daylight
in February vs 6 h in January), leading to enhanced photolysis
rates. NO2 and OH-derived sulfate are moderately correlated
(r2 = 0.40, p-value < 0.01), likely due to the photochemical
production of the oxidants themselves (Figure S21). NO2
oxidation is also correlated with O3-derived sulfate (r2 = 0.61,
p-value < 0.01), as expected due to their similar pH
dependencies (Figure S21). O3-derived sulfate is relatively
constant throughout the campaign (6 ± 3% in January and 7 ±
4% in February), showing less sensitivity to differences in
temperature and hours of daylight and more sensitivity to
ambient O3 concentrations and aerosol pH.
The TMI-O2 pathway (1 ± 2%) is only a minor contributor

to PM0.7 sulfate. This is consistent with the fact that average
total water-soluble iron and manganese on the filters used for
isotope analysis are <5 ng·m−3 combined and do not exceed 25
ng·m−3 combined (Figure S23). Though the model used in
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this study is a statistical model and not processed-based, the
model results are consistent with the pH-dependence of NO2
and O3 oxidation of S(IV), the increase in photochemical
oxidation in February, and the low solubility of transition
metals in Fairbanks, showing that this methodology is useful in
interpreting isotope observations with a statistically robust
range of uncertainty.
3.3. Sources and Formation of PM>0.7 Sulfate. The

combined PM0.7−2.5 and PM2.5−10 size bins, hereafter referred
to as PM>0.7, only contribute approximately 0.3 ± 0.1 μg·m−3

(10 ± 5% of total sulfate mass), but show a noteworthy
difference in isotopic composition compared to PM0.7 sulfate.
Primary sulfate is a smaller portion of sulfate in the larger
compared to smaller size bins, contributing 16 ± 11% of sulfate
in PM>0.7. This is consistent with the size of primary sulfate
from fuel oil combustion, which is typically <0.1 μm (Figure
3c,d).34 On average, the main secondary oxidants for PM>0.7
sulfate are H2O2 (12 ± 18%), O3 (22 ± 4%), and NO2 (25 ±
15%) (Figure 3c,d). During late January through early
February, the combined O3 and NO2 pathways contribute 55
± 11% of sulfate in PM>0.7 (Figure 3c,d). Depending on the
abundance of ambient H2O2, these pathways are only
dominant at pH > 4−5, suggesting aerosol pH within or
above this range.
During the ultrapolluted period, primary sulfate is 23 ± 15%

of sulfate in PM>0.7 during the day and 47 ± 13% at night. As
with PM0.7 particles, H2O2 is the dominant secondary oxidant
for PM>0.7 during this ultrapolluted period, contributing nearly
as much as primary sulfate during the day at 56 ± 22% and 37
± 24% at night. The combined NO2 and O3 pathways
contribute 10 ± 8% of PM>0.7 sulfate during the daytime and 6
± 4% at night. The decrease in the level of oxidation of O3 and
NO2 during the polluted period is likely due to low ambient
concentrations of O3 and may signify a lower pH that inhibits
NO2 oxidation. TMI-O2 oxidation is insignificant (<1%),
further suggesting limited metal solubility.
3.4. Atmospheric Implications. Sulfate is the most

abundant PM sulfur species contributing 85 ± 9% of total
PM sulfur (sulfate + total S(IV)) by mass throughout most of
the campaign. During the ultra-polluted period, the fraction of
HMS and non-HMS S(IV) relative to sulfate is the highest of
the entire measurement period, contributing 26% (±8%) of
PM sulfur mass. It is unclear whether the partially oxidized
S(IV) in Fairbanks is primary or secondary in this study,
though investigating the sources and speciation of unoxidized
sulfur PM warrants further attention. For sulfur control
measures, switching to an ultralow sulfur diesel (ULSD)
heating oil (15 ppmv sulfur) would likely reduce emissions of
primary sulfate and SO2, but more research is needed to
understand how these measures may impact aerosol pH,
secondary sulfate formation, and air quality overall. It is also
important to acknowledge the economic impacts of increased
fuel oil costs, since this financial burden may motivate
residents to rely more heavily on woodburning and worsen
air quality overall.
The dominance of primary sulfate demonstrated in this

study may also highlight a bias in air quality modeling. Missing
sulfate is often attributed to incomplete chemistry but could
instead be due to dated emission factors or incomplete
emission inventories due to the challenge of estimating
residential and commercial space heating. These findings are
applicable in regions with high rates of fuel oil use for space
heating that have not mandated ULSD oil, places with

nonexistent or rudimentary sulfur controls on their coal or
oil-fired power plants, and over the ocean where high sulfur
ship fuel is used. More work is also needed to quantify isotopic
fractionation factors at ionic strengths representative of aerosol
liquid water. This will improve assumptions in future sulfate
isotope studies since literature values are based on bulk
solutions meant to simulate cloud water.
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