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Abstract. The contributions and evolution of fine elemental particulate matter (PM) sources were investigated
in the Marseille—Fos basin (south of France) based on a 1-year-long (January—December 2023) study using on-
line X-ray fluorescence (Xact) PM; measurements. The region’s intense anthropogenic activity and complex
meteorological conditions make it an ideal case study for fine aerosol characterization. Given the limited in-
formation available on fine elemental sources in the area, a dual-site approach was implemented, combining
an urban background site (MRS-LCP) and an industrial site (FOS) to distinguish between regional and local
emission influences. Source apportionment was conducted using a rolling positive matrix factorization (PMF)
method, implemented via the Source Finder Professional (SoFi) toolkit. Several tests were carried out to deter-
mine optimal rolling PMF parameters. Eventually, a 21 d rolling-window configuration was selected, resolving
nine factors at FOS and eight at MRS-LCP, with seven similar factors detected at both sites. Among them, three
were attributed to secondary aerosols, including sulfur photooxidation leading to sulfate-rich aerosols (S-rich
factor) and the formation of halogenated reactive particulate species (Cl-rich and Br-rich factors). Additionally,
biomass-burning-, shipping-, and dust-related factors were identified at both locations. In contrast, three indus-
trial factors (steel industry, Zn-industrial, Pb-industrial) were detected at FOS, while only the steel industry factor
appeared at MRS-LCP, suggesting downwind transport of industrial plumes from Fos-sur-Mer to Marseille un-
der mistral- and thermal-breeze regimes. Furthermore, the comparison of the dynamic rolling PMF approach
to static PMF analysis demonstrated higher dissimilarities across factors profiles, reflecting an enhanced ability
of rolling PMF to capture seasonal variability in aerosol sources. Overall, this study highlights the dominant
anthropogenic imprint on submicron PM elements and the effectiveness of dynamic source apportionment in
complex coastal-industrial environments.
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1 Introduction

Air pollution has long been recognized as a major threat to
human health (Dockery et al., 1993), representing the leading
environmental risk factor for premature mortality globally
and the second leading overall risk factor for death (WHO,
2021). Fuller et al. (2022) estimated that it was responsi-
ble for 9 million premature deaths per year worldwide. In-
tensified anthropogenic activities, particularly urbanization,
industrialization, and widespread fossil fuel use, further de-
grade air quality, presenting a double jeopardy as they im-
pact both human health and the climate system (Schmale et
al., 2014). In a context of rapid climate change, understand-
ing the complex interplay of aerosols is crucial as climate
change may further increase aerosol production (e.g., more
frequent Saharan dust outbreaks, increased wildfire episodes,
and volatile organic compound emissions from stressed veg-
etation) (Gomez et al., 2023; Bourtsoukidis et al., 2024; Pons
et al., 2025). Climate change hotspots such as the Mediter-
ranean basin are particularly at risk, with projections indicat-
ing more frequent and intense meteorological extremes that
could trigger additional pollution episodes (Zittis et al., 2022;
Jézéquel et al., 2025).

The city of Marseille (France) embodies these vulnerabil-
ities. With its dense population and exposure to numerous
pollution sources, it represents a highly complex and dy-
namic atmospheric environment. Anthropogenic activities in
the region include one of the largest ports in the Mediter-
ranean Sea, as well as major industrial facilities. In par-
ticular, industrial sites located in the northwestern suburbs
of the Marseille-Fos basin are recognized contributors to
Marseille’s air pollution (El Haddad et al., 2013; Salameh
et al., 2018; Chazeau et al., 2021). The diversity of pol-
lution sources, combined with local meteorological condi-
tions, such as frequent land—sea breeze circulations, favor
the aging and formation of secondary aerosols (Puygrenier
et al., 2005; Drobinski et al., 2007), effectively transform-
ing the Marseille basin into a chemical reactor for atmo-
spheric particles. This complexity has drawn significant sci-
entific attention to the region (Bozzetti et al., 2017; Chevet et
al., 2024; Dufresne et al., 2025). In particular, fine particulate
matter smaller than 1 um (PM;) is a major health concern due
to its ability to penetrate deeply into the respiratory system
(Kreyling et al., 2006), but it remains unregulated in France.
Consequently, submicron aerosol composition and dynamics
in the Marseille area have attracted growing scientific interest
in recent years (El Haddad et al., 2013; Chazeau et al., 2021;
Camman et al., 2024; Le Berre et al., 2025).

While several studies have characterized the organic frac-
tion of submicron aerosols in Marseille (El1 Haddad et
al., 2013; Bozzetti et al.,, 2017; Chazeau et al., 2022),
source apportionment of airborne elements, including non-
metals, metals, and metalloids, remains scarce (Camman et
al., 2024). This is critical as many metallic elements such
as Pb, Hg, As, Cr, Ni, and Cd are found to be toxic, bioac-
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cumulative, and associated with carcinogenic, neurotoxic,
or cardiovascular effects (Rose, 1983). Recent advances
in automated, high-time-resolution energy-dispersive X-ray
fluorescence (ED-XRF) instrumentation (e.g., Xact 6251,
Cooper Environmental Services) allow continuous, highly
time-resolved measurements of a wide range of airborne el-
ements (Furger et al., 2017; Tremper et al., 2018), offering
new opportunities to assess airborne element source dynam-
ics and temporal variability.

In this study, we aim to identify and characterize the
sources of submicron airborne elements in the Marseille—Fos
basin using the whole 2023 year of high-time-resolution on-
line X-ray fluorescence (Xact) measurement data. To cap-
ture temporal variability in source profiles and contribu-
tions, we apply rolling positive matrix factorization (rolling
PMF), a dynamic source apportionment approach recently
introduced by Canonaco et al. (2021). This method im-
proves upon conventional static PMF by capturing short-
term seasonal variations in factor profiles. Although rolling
PMF has been widely used for aerosol mass spectrometry
(AMS) and aerosol chemical speciation monitoring (ACSM)
datasets (Heikkinen et al., 2021; Tobler et al., 2021; Chen et
al., 2021, 2022a, b; Lin et al., 2022; Via et al., 2022; Chazeau
et al., 2022; Chebaicheb et al., 2023; Lei et al., 2025), its
application to Xact data remains limited (Manousakas et
al., 2025), and no application of the rolling PMF method-
ology to 1-year-long Xact data has been reported yet. This
is particularly important because several non-metal elements
measured by the Xact (e.g., S, Se, Cl, Br) can undergo rapid
atmospheric transformations, which static PMF approaches
may fail to capture.

2 Instrument and methods

2.1 Dual-site description

The Marseille-Fos basin is a semi-enclosed coastal basin in
the northwestern Mediterranean, covering nearly 2500 km?
and including the Gulf of Fos-sur-Mer and the Bay of Mar-
seille, the second most populated city in France. The region
experiences intensive anthropogenic pressure due to major
industrial, urban, and maritime activities (Fig. 1). The Berre
Pond industrial area is one of the largest in France, encom-
passing steel manufacturing plants, oil refineries, petrochem-
ical facilities, cement factories, and stone quarries, as well as
the Fos-sur-Mer incinerator. Additionally, a major thermal
power plant, the Gardanne facility, is located 20 km north-
east of Marseille’s city center (Fig. 1). In parallel, the Grand
Port Maritime de Marseille (GPMM), the second-largest port
in France, extends from Fos-sur-Mer to the northern part
of Marseille. In 2023, the GPMM processed over 72 mil-
liont of goods and welcomed more than 4 million cruise
passengers (https://www.marseille-port.fr, last access: 6 June
2025). It comprises the Fos industrial harbor (between Port-
Saint-Louis and Fos-sur-Mer) and the Port-de-Bouc terminal
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at the entrance of the Berre Channel. Together, these facili-
ties delimit the Gulf of Fos, forming the largest industrial-
port complex in France. On the other side of the basin,
previous studies have demonstrated that maritime traffic in
the Bay of Marseille, including emissions from vessels at
berth, contributes significantly to urban air pollution lev-
els (Chazeau et al., 2021; Le Berre et al., 2025). Addition-
ally, Marseille is characterized by intense vehicular activ-
ity as the city hosts the second largest car fleet in France
(Bilan Annuel des Transports 2023, https://www.statistiques.
developpement-durable.gouv.fr/, last access: 8 September
2025).

The combination of such diverse anthropogenic activities
generates a complex mixture of primary pollutants, which
undergo chemical transformation and are transported across
the Marseille-Fos basin. The region is characterized by high
solar radiation during summer, promoting photochemical
activity, including ozone formation and secondary organic
aerosol (SOA) production (El Haddad et al., 2013; Chazeau
et al., 2021). Prevailing wind regimes in the Marseille—Fos
basin are dominated by the mistral and thermal breezes,
both playing a major role in pollutant transport. The mis-
tral, a synoptic northwesterly wind (270-360°) channeled
through the Rhone Valley, would be expected to affect both
sites similarly; however, it was reported 54 % of the time at
Fos-sur-Mer and 35 % at Marseille in 2023, likely reflect-
ing local shielding effects from surrounding hills and vege-
tation. Thermal breezes were observed approximately 40 %
of the time in the Marseille-Fos basin. These are charac-
terized by nocturnal land breezes (5-90°) and daytime sea
breezes (210-270° in Marseille; 120—240° in Fos-sur-Mer).
In addition, the region is occasionally impacted by strong
southeasterly Sirocco winds, which transport Saharan dust
across the Mediterranean (Flaounas et al., 2009). In 2023,
six dust episodes, lasting from 1 to 4 d, were recorded. The
basin’s complex topography further modulates atmospheric
transport. Marseille is also bordered by mountainous ter-
rain, with the Massif de 1’Etoile to the north (778 ma.s.l.)
and the Calanques massifs to the south (646 ma.s.l.). The
combination of complex terrain and variable meteorologi-
cal conditions results in substantial variability in the bound-
ary layer height (BLH), ranging from over 1000 m during
summer mistral events to below 500 m under wintertime
thermal-breeze conditions (Riandet et al., 2023), thus affect-
ing aerosol dispersion and dilution.

To investigate the atmospheric composition in this com-
plex environment, data from two air quality monitoring su-
persites were used, both operated by the Laboratory of En-
vironmental Chemistry (LCE) and AtmoSud (https://www.
atmosud.org, last access: 6 June 2025). The first one, the
Marseille-Longchamp Observatory supersite (MRS-LCP), is
located in the center of Marseille, in Longchamp Park near
the Marseille Observatory (43°18'18.84” N, 5°23/40.89” E;
71ma.s.l.). Continuously operating for nearly 2 decades,
this station is classified as an urban background site ac-
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cording to European Environment Agency criteria (Larssen
et al., 1999). Positioned approximately 3 km inland from
the Mediterranean coastline and within the city center, it
is representative of typical coastal urban air quality con-
ditions. MRS-LCP has been featured in multiple studies
(El Haddad et al., 2011; Salameh et al., 2018; Chazeau et
al., 2021; Camman et al., 2024) and has recently been se-
lected as a French urban super site for the new EU regula-
tion. The second site, the Fos-Carabins Monitoring Station
(FOS, 43°27'32.092" N, 4°56'4.412” E; 5ma.s.L.), is located
in the residential area of Fos Les Carabins but is classified
as a peri-urban site under industrial influence due to its prox-
imity to the port—industrial complex of Fos-sur-Mer and its
exposure to emissions from surrounding industrial facilities,
including the ones of Fos-sur-Mer (< 1 km southwest), and
Port-de-Bouc (approximately 10 km southeast, Fig. 1). Like
MRS-LCP, the FOS station is located approximately 3 km
from the coastline. Despite being 40 km apart, meteorologi-
cal conditions enable the transport of aerosol between both
sites from several emission sources. Specifically, sea breeze
events frequently carry industrial plumes inland toward Mar-
seille (Puygrenier et al., 2005; El Haddad et al., 2013), while
low mistral flows may facilitate downwind transport of pol-
lutants from the Fos-sur-Mer industrial area toward the urban
center. Therefore, both monitoring sites are strategically po-
sitioned to assess intra-basin transport and the interplay be-
tween urban and industrial sources.

2.2 Sampling and instrumentation

Submicronic  aerosols were continuously sampled
from 1 January to 31 December 2023 as part of
the SHIPAIR (“SHIPping emission’s contribution
to AlRpollution in wurban harbor area”) campaign
(https://anr.fr/Project-ANR-21-CE22-0015, last access:
6 June 2025) at both sites. Each sampling station was
equipped with a range of analytical instruments for aerosol
and gas monitoring, as detailed in Table 1.

At both sites, aerosols for elemental analysis were contin-
uously and automatically sampled using a PMyg inlet (Tisch
environmental, Cleves, OH, USA) coupled with a PM; im-
pactor, operating at a flow rate of 16.7 L min~!. Airborne el-
ements were quantified by energy-dispersive X-ray fluores-
cence (ED-XRF) using the Xact 625i analyzer (Cooper En-
vironmental Services, Edgartown, MA, USA). Briefly, par-
ticulate matter (PM) was collected onto a Teflon filter tape
(PTFE membrane, 2 pum thickness, Cooper Environmental
Services). Then, incident X-rays from the tube excite the
inner-shell electrons of the sampled particles, generating
element-specific secondary X-rays detected by a solid-state
fluorescence detector. This enables both identification and
quantification of elements (Currie, 1977; Furger et al., 2017).

The instrument is designed to simultaneously quantify up
to 45 elements, from Al to Bi (Xact 6251 Manual, Cooper
Environmental Services, Table S1 in the Supplement). For
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Figure 1. Map of the Marseille-Fos basin. Locations of industrial plants were obtained from the SEVESO and IREP databases (https://data.
ampmetropole.fr/, last access: 18 September 2025). Main ship transit routes were derived from MarineTraffic (https://www.marinetraffic.
com/, last access: 28 February 2024). Major highways were sourced from Google Traffic (map data © 2015 Google). Background map layers
were provided by Carto Positron (© OpenStreetMap contributors © CARTO) and Bing Satellite (Bing Satellite © Microsoft). The map was

produced using QGIS 3.34.

MRS-LCP and FOS, 33 elements (Fig. S1 in the Supple-
ment) and 27 elements (Fig. S2), respectively, were individu-
ally calibrated using pure element standards provided by the
manufacturer.

The Xact 625i enables online sampling and analysis of
airborne elements over extended monitoring periods (several
months) at high temporal resolution. The sampling and anal-
ysis cycle ranges from 5 to 240 min. However, to allow for
reasonable minimum detection limits (MDLs), a 60 min sam-
pling and analysis cycle was selected for this campaign.

Nevertheless, there are some limitations to the use of the
instrument. First, MDLs reported for the Xact 625i are gener-
ally higher than those obtained with offline elemental aerosol
analysis methodologies (XRF or inductively coupled plasma
mass spectrometry, ICP-MS) (Tremper et al., 2018; Cadeo
et al., 2025). Moreover, due to the self-absorption effect
for low-energy X-rays emitted by lighter elements (Z < 15)
(Formenti et al., 2010), the Xact 625i cannot detect elements
such as Na or Mg, while other elements such as Al or Si show
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higher MDLs (Table S1). Comparatively, SR (synchrotron
radiation)-induced XRF and ICP-MS techniques allow the
detection of a larger range of elements (SR-XRF: Z > 11;
ICP-MS: Na, Mg) (Visser et al., 2015a; Furger et al., 2017).
The lack of quantitative assessment of Na and Mg causes
strong limitations for coastal sites like ours, where these ele-
ments provide key information on marine aerosols (e.g., fresh
and aged sea salt; Pey et al., 2013).

Other ancillary continuous monitoring of regulated pollu-
tants was conducted exclusively at the MRS-LCP. Mass con-
centrations of PM, PM» s, and PM ¢ were measured using
a FIDAS 200 optical particle counter (PALAS, Germany).
Data were recorded at a 15 min resolution throughout the en-
tire measurement period. In parallel, NO, (M200E, Teledyne
API, California, USA) and SO, (M100E, Teledyne API, Cal-
ifornia, USA) were also measured continuously with the
same 15 min time resolution, with additional SO, monitoring
using the same technique at FOS. Non-refractory (NR) PM;
was sampled using a time-of-flight aerosol chemical speci-
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Table 1. Overview of the instruments deployed during the field campaign at MRS-LCP and FOS monitoring stations. “X” indicate that the

instrument was equipped at this site.

Instrument Species Fraction = Temporal  Technology MRS-LCP  FOS
resolution
Xact 6251 Trace elements PM; 1h X-Ray fluorescence X X
Cooper Environmental (XRF)
Tof-ACSM Non-refractory PM, 10 min Electron ionization X
Aerodyne Research aerosol and time-of-flight
mass spectrometry
AE33 Black carbon PM> 5 1 min Spectroscopy X X
Aerosol Magee Scientific
SMPS 3031 Particles number 15to S5 min Electric field X
TSI and granulometry 723 nm isolation and
optical counting
FIDAS 200 Mass concentration 180 nm 15 min Optical light X
PALAS to 20 um scattering
M200E NOyx Gas 15 min Chemiluminescence X
Teledyne API
MIO00E SO, Gas 15 min UV fluorescence X X
Teledyne API
Serinus 10 O3 Gas 15 min UV spectroscopy X
Ecotech
VOC72M BTEX, cyclohexane, Cl-volatile ~ Gas 1h Gas chromatography X
Envea organic compounds (Cl-VOCs): and photo-ionization

1,2-dichloroethyl, trichloroethyl,
tetrachloroethyl

detector

ation monitor (ToF-ACSM, Aerodyne Research Inc., USA;
Frohlich et al., 2013) for the determination of organic aerosol
(OA), NH, NOy, SOi_, and Cl™ concentrations. During
the whole year, data were acquired and compiled at a 10 min
time resolution through Igor-DAQ software, Tofware (Tofw-
erk, Thun, Switzerland). Particle number size distributions
(PNSDs) in the submicron range were measured at MRS-
LCP only, using scanning mobility particle sizers (SMPSs)
with an ultrafine particle counter (model 3938, CE6 TSI Inc.,
Minnesota, USA, CPC 3752, classifier 3082) providing par-
ticle counts from 15 to 723 nm every 5 min in 55 size bins.

Black carbon (BC) analysis was carried out at both sites
with aethalometer AE33 (Magee Scientific, CA, USA), op-
erated with a PM» 5 inlet. The dual-spot sampling method
(Drinovec et al., 2015) was used to correct for filter-loading
artifacts (Lack et al., 2014). BC was further apportioned into
BC liquid-fuel (BCLF) and BC solid-fuel (BCsg) components
using the Aethalometer model (Sandradewi et al., 2008;
Chazeau et al., 2021).

Volatile organic compounds (VOCs) including cyclohex-
ane, 1,2-dichloroethane, trichloroethene, tetrachloroethene,
and BTEX (benzene; toluene; ethylbenzene; and o-, m-,
and p-xylenes) were measured hourly at the FOS site us-
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ing a VOC72M gas chromatograph equipped with a photo-
ionization detector (Envea, France).

Meteorological data, including temperature, wind direc-
tion, and wind speed, were recorded at both sites with an Ul-
trasonic 3D anemometer USA-1 (METEK, Germany). Short-
wave radiation and boundary layer height (BLH) for the
Marseille—Fos area during 2023 were retrieved from the
Open-Meteo meteorological database (https://open-meteo.
com/, last access: 9 December 2025). Both stations were
connected to automated data platforms (e.g., the eSAM sys-
tem, Envea), enabling daily automated quality control and
continuous data recording. Instrument and annual dataset vi-
sualization for both stations is accessible through the HER-
MES platform (HERald of the MEasurement Stations, https:
//hermes-aq.com/, last access: 6 June 2025).

2.3 Source apportionment methodology

Detailed information on the source apportionment method-
ology is provided in Sect. S1: PMF methodology. Briefly,
positive matrix factorization (PMF) is a bilinear receptor
model that decomposes a chemical matrix into factor time
series and profiles, which can then be interpreted as emission
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sources (Paatero and Tapper, 1994). Unlike principal compo-
nent analysis (PCA) or chemical mass balance (CMB), PMF
imposes non-negativity and requires little a priori informa-
tion, making it particularly suited for environmental appli-
cations. The model iteratively minimizes the weighted resid-
uals (Q), with “robust” mode applied to downweight out-
liers (Paatero, 1999). Rotational ambiguity is addressed us-
ing the ME-2 solver, where the a-value approach constrains
selected factors within predefined variability ranges (Paatero
and Hopke, 2009). Finally, the bootstrap resampling method
(Efron, 1979; Ulbrich et al., 2009) provides statistical un-
certainty estimates by testing the stability of factors across
perturbed datasets.

Yet, a stable statistical solution does not guarantee envi-
ronmental meaning. For long-term datasets, covering sev-
eral months to a full year, PMF factor profiles may ex-
hibit seasonal variability that is not captured by the static
PMF method. To address this, Parworth et al. (2015) in-
troduced the rolling PMF approach, which applies PMF in
a rolling window to capture temporal variability in factors.
This method allows for the identification of short-term source
behavior that would otherwise be averaged out in static anal-
yses and has been shown to provide more environmentally
interpretable results than conventional static PMF, especially
in capturing short-term and seasonal atmospheric events (Lin
et al., 2022; Guo et al., 2025). In this study, both static and
rolling PMF analyses were applied to hourly trace element
data at both the urban MRS-LCP and industrial FOS sites.
Analyses were conducted using the SoFi Pro (Source Finder)
toolkit (Datalystica Ltd., Villigen, Switzerland, Canonaco et
al., 2013, 2021), an Igor-Pro-based program (WaveMetrics,
Inc., Portland, OR, USA).

PMF results from both static and rolling approaches were
compared in terms of their ability to capture the tempo-
ral variability of sources by analyzing the dissimilarity of
the factor profiles using Pearson distance and standard-
ized identity distance (PD-SID) analysis (S2: PD-SID; Belis
et al.,, 2015; Pernigotti and Belis, 2018). While PD-SID
has been widely used to assess factor homogeneity across
multiple sites (Weber et al., 2019; Borlaza et al., 2021;
Manousakas et al., 2022; Liu et al., 2025), few studies have
reported its use for evaluating factor homogeneity at a single
site (Ngoc Thuy Dinh et al., 2026). Additionally, cosine simi-
larity, commonly employed to calculate correlations between
mass spectra (Stein and Scott, 1994; Ulbrich et al., 2009),
was adapted to elemental factor compositions (cosine dis-
tance, CD, S3: cosine distance) to assess the variability of
PMF factor profiles between static and rolling approaches.

3 Rolling positive matrix factorization setup

3.1 Data validation and Xact PMF matrix preparation

Over the year, airborne elements measured by the Xact con-
tributed approximately 8 % to the reconstructed PM; mass
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at MRS-LCP (S4: PM| mass reconstruction at MRS-LCP,
Figs. S3 and S4). A total of 18 elements were selected for
PMF analysis at both sites (Figs. S1 and S2): S, Cl, K, Ca, Ti,
V, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Br, Cd, and Pb, along with
Pd (specific to MRS-LCP) and Rb (specific to FOS). Element
selection was based on the proportion of data below MDLs
(BDL) using a threshold of 88 %, which is close to the 90 %
BDL level applied in a previous Xact-PMF study at MRS-
LCP (Camman et al., 2024). This threshold is higher than
the 70 % BDL criterion adopted in another Xact-PMF study
(Manousakas et al., 2022) in order to retain short but intense
industrial events driven by anthropogenic markers such as
Pb (82 % BDL at MRS-LCP). Some exceptions were made
to maintain a consistent set of elements across both sites.
Specifically, Mn (90.8 % BDL), Cd (92.7 % BDL), and Cr
(94.6 % BDL) at MRS-LCP were kept to match the elements
used at FOS for homogeneous PMF analysis. Another excep-
tion was made for Rb at FOS (96.3 % BDL), which proved
to be a relevant tracer for biomass burning emissions dur-
ing winter (Massimi et al., 2020). However, for the majority
of elements, the BDL fraction was below 60 % (Tables S2
and S3).

The input matrix for the PMF analysis was constructed fol-
lowing the methodology proposed by Polissar et al. (1998):
values below the MDL were replaced with MDL/2, and
their associated uncertainties were set to 5/6 of the MDL.
For values above the MDL, the error was computed as the
square root of the quadratic sum of the MDL and the es-
timated measurement uncertainty from the Xact instrument
(Reff et al., 2007; Camman et al., 2024). In addition, a cell-
wise downweighting approach was applied to data with a
signal-to-noise ratio (SNR) below 2, as proposed by Visser
et al. (2015b). For these low-SNR values, the associated un-
certainty was replaced with a penalized error defined by the
function 2/SNR;;. The use of a cell-wise downweighting of
the error matrix, rather than classical variable-wise down-
weighting, allows for a more balanced integration of the vari-
ables in the model while primarily considering data points
above the detection limit.

Short-lived events (1 h to 2-3 d), such as Sirocco episodes,
construction activities, or fireworks, were excluded from the
dataset. These episodes disrupted factor analysis (e.g., dust,
steel industry) but could not be attributed to a specific factor
due to their chemical similarity as compared to other sources
(e.g., Saharan dust and local dust, fireworks, and biomass
burning). The methodology for their identification and ex-
clusion is described in Sect. S5: Data correction (Fig. S5).

The ToF-ACSM data at MRS-LCP were also ana-
lyzed for the same period using rolling PMF follow-
ing the ACSM Standard Operating Procedure established
within the COLOSSAL project (https://www.cost.eu/actions/
CA16109/, last access: 2 June 2026), as detailed in Chen et
al. (2022a) and Chazeau et al. (2022). A total of five organic
aerosol factors were resolved for the year 2023 (Fig. S6).
Among them, the biomass burning organic aerosol (BBOA)
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displayed marked seasonal variability, with no contribution
observed between May and September. The hydrocarbon-
like organic aerosol (HOA) factor was predominantly as-
sociated with traffic emissions, while the cooking organic
aerosol (COA) factor originated from food preparation ac-
tivities. Two additional factors were attributed to long-range-
transported secondary organic aerosols: more oxidized oxy-
genated organic aerosol (MOOOA) and less oxidized oxy-
genated organic aerosol (LOOOA). These results are consis-
tent with previous studies at the MRS-LCP site (Chazeau et
al., 2022) and will be used to support interpretations of ele-
mental concentration variations.

3.2 Static PMF analysis for airborne elements

As limited information was available on Xact PMF factors in
the region (Camman et al., 2024), static PMF analyses were
first performed to define reasonable PMF solutions. Each site
was treated independently to ensure site-specific interpreta-
tion. PMF solutions for the full 2023 dataset (YEAR), rang-
ing from 5 to 12 factors, were evaluated to identify the most
meaningful configuration for each site. Statistical diagnostics
(Q/ Qexp and unexplained variation, UEV) suggested opti-
mal solutions of nine factors for MRS-LCP and eight for FOS
(Fig. S7). However, examination of factor time series, daily
trends, chemical composition, and geographical origins in-
dicated that the most environmentally interpretable solutions
were obtained with eight factors at MRS-LCP and nine at
FOS (Table S4).

To investigate seasonal variability in source contributions,
each PMF dataset was divided into four seasons: JF_D —
January, February, December; MAM — March, April, May;
JJA - June, July, August; and SON — September, Octo-
ber, November. Unconstrained preliminary runs revealed that
some factors, such as the Cl-rich (Sect. 4.2.7) and the ship-
ping (Sect. 4.2.1), exhibited strong seasonality at both sites
and could not be clearly identified in some periods unless
constrained. For instance, the shipping factor was not re-
trieved during winter at both sites (Tables S5 and S6), prob-
ably due to reduced sea breeze advection of shipping plumes
(Chazeau et al., 2021). Similarly, during JJA, the Cl-rich fac-
tor was partly mixed with dust in unconstrained runs (Ta-
bles S5 and S6). Although dust may contain some resid-
ual Cl (Visser et al., 2015b), this is not consistent with the
other seasons’ PMF results. On the other hand, the ship-
ping factor constrained during the winter season exhibits the
same diurnal pattern, characteristic of passenger ship activ-
ity (Fig. S21, Sect. 4.2.1), as observed in summer, confirming
the year-round environmental consistency of this factor.

To address these seasonal inconsistencies, following an
approach similar to that of Chazeau et al. (2022), reference
factor profiles were extracted from PMF solutions with a
higher number of factors. An 11-factor solution enabled the
identification of the shipping factor during JF_D and a dis-
tinct Cl-rich factor during JJA. These reference profiles were
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subsequently used to constrain the shipping and Cl-rich fac-
tors during JF_D and JJA, respectively, using the a-value ap-
proach, with random a values ranging from O to 0.5 in steps
of 0.05 for the static PMF analysis and bootstrap runs.

Unlike the OA rolling PMF, where BBOA is resolved only
from September to May, the Xact rolling PMF retained a
biomass burning factor throughout the year. This choice re-
flects the expectation of year-round biomass burning emis-
sions (e.g., wildfires, crop burning, barbecue) and avoids un-
realistic redistribution of K into other factors. The relevance
of this approach is supported by the year-round presence of
BCsr and its consistent, albeit low, correlation with the final
biomass burning factor during summer (R>=0.21 at MRS-
LCP and RZ2=0.10 at FOS), as well as the still elevated
biomass burning contribution (Fig. S22).

To assess the statistical uncertainty of the factor pro-
files, each seasonal PMF solution was then bootstrapped
100 times. To retain only environmentally meaningful runs,
a set of custom criteria was applied to the bootstrap out-
puts. These criteria, based on the tracer element apportioned
to each factor, proved to be more effective in filtering out
“mixed” or inconsistent solutions. The complete list of crite-
ria and associated thresholds for each PMF solution, as well
as the percentage of retained bootstrap runs, are provided in
the Supplement (Tables S7 and S8, respectively).

3.3 Rolling PMF parametrization

To capture the fine temporal variability of sources, rolling
PMF was applied at both sites using the same dataset as for
the static PMF. As preliminary static PMF solutions showed
high similarity for common factors at both sites (Sect. 3.2),
rolling PMF parameter optimization was performed only for
the MRS-LCP dataset. The resulting optimal settings were
then applied to the FOS dataset.

Canonaco et al. (2021) proposed a method to determine
the best rolling PMF parameters. Rolling PMF implemented
in SoFi allows for the adjustment of several key parameters,
including rolling-window size, number of PMF repeats per
window, and the number of days by which the window is
shifted, in addition to static PMF options such as factor con-
straints and a-value configuration. Similarly to the approach
used in Canonaco et al. (2021), we developed a method
based on statistical indicators, namely Q/Qexp, the percent-
age of unselected PMF runs, and the total UEV, to select op-
timal rolling PMF settings (rolling-window size, maximum
a value, and PMF repeats per window). Previous rolling PMF
studies with ACSM datasets (Canonaco et al., 2021; Chen et
al., 2021) used the percentage of non-modeled data points
to determine the minimum number of PMF repeats per win-
dow required to ensure 0 % non-modeled points. However,
this criterion was not applicable here as nearly all modeled
points met the selection criteria, even with a low number
of repeats, likely due to differences in the selection crite-
ria applied in both studies. We used instead the percentage
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of unselected runs. Window sizes of 7, 14, 21, and 28d
were tested, with the rolling window being shifted by 1d
over the entire dataset. Maximal a values of 0.2, 0.4, and
0.6 were explored, and PMF repeats per window were set
to 1, 5, 10, and 50 successively. As testing all combinations
of the three parameters (4 x 3 x 4 =48 rolling PMF tests)
would require many days of computation on a modern mul-
ticore PC, with each rolling PMF run taking approximately
6h, we adopted a base-case configuration (rolling-window
size = 14 d, a value = 0.4, PMF repeats per window = 10). In
each rolling PMF test run, only one parameter was modified,
while the other two were held constant (base-case values),
following the approach of Canonaco et al. (2021).

The window size is a critical parameter in rolling PMF as
it determines the ability to resolve the short-term temporal
variability of evolving factor profiles and to assess the life-
time of aerosol sources. Previous studies on organic aerosol
PMF have commonly selected 14d windows (Parworth et
al., 2015; Canonaco et al., 2021; Chazeau et al., 2022; Chen
etal., 2022a, b; Viaet al., 2022). In this study, statistical anal-
ysis (mean Q/ Qexp, percentage of unselected runs, and total
UEV) indicated that both 14 and 21 d windows were accept-
able (Fig. S8). However, some geochemical considerations
supported the use of a 21 d window. First, Xact provides di-
rect elemental quantification; consequently, redox changes
without a phase change (e.g., SO2(g)/ SOi_(p)) are not ob-
servable, whereas the ACSM captures organic aerosol oxida-
tion through changes in m/z signatures. As a result, metal-
lic aerosol signals measured by Xact are expected to exhibit
longer apparent atmospheric residence times than organic
aerosol components measured by the ACSM. Furthermore,
the particularly dry conditions in 2023 (Bilan Climatique
de I’année 2023, Météo-France, 2024, https://meteofrance.fr/
sites/default/files/files/editorial/bilan_2023_web.pdf, last ac-
cess: 6 June 2025) limited wet deposition, and metals, pri-
marily found in fine particles, typically exhibit longer atmo-
spheric lifetimes (Roy et al., 2019). Together, these factors
justified the selection of a 21 d window for the final analyses.

As shown earlier (Sect. 3.2), the Cl-rich and shipping fac-
tors showed strong seasonality and therefore required con-
straints. Unlike the seasonal static approach, rolling PMF op-
erates on the full annual dataset; reference profiles were thus
selected from the periods in which each factor was most ro-
bustly resolved (e.g., summer for shipping and winter for CI-
rich, Tables S5 and S6). Constraints were applied using ran-
domly selected a values, varying from O up to a maximum
a value in increments of 0.05. The maximum a value was
tested at 0.2, 0.4, and 0.6. This narrower range, compared
with that explored by Canonaco et al. (2021), was chosen
to avoid over-constraining the factors and to prevent unnec-
essary computational load. Sensitivity tests showed that the
maximal a value had minimal influence on the key statistical
indicators (Fig. S8), and a maximum a value of 0.4 was ul-
timately selected, consistently with the recommendations of
Canonaco et al. (2021).
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To determine the minimal number of PMF repeats per win-
dow, we evaluated both the percentage of unselected runs
and the minimum number of PMF repeats per modeled day
while varying the total repeats per window, with bootstrap-
ping enabled. The percentage of unselected runs showed no
significant variation with the number of PMF repeats per
rolling window (Fig. S8). While this metric provides a gen-
eral indication of the statistical robustness of the rolling PMF
parametrization, it does not reflect the temporal variability in
the model’s ability to resolve source apportionment at spe-
cific times of the year. To better assess this aspect, we evalu-
ated the number of PMF repeats per modeled day in the final
solution (Table S9). A minimum threshold of 10 PMF repeats
per modeled day was adopted, leading to a requirement of at
least 50 PMF repeats per window. Finally, the detailed study
of several rolling PMF solutions at MRS-LCP showed the
best environmental accuracy and statistical stability for the
21 d rolling-window length, 1d delay, and 50 repetitions per
window, with the maximal a value set to 0.4.

PMF factors at both sites were extracted using the same se-
lection criteria as in the static analysis (Sect. 3.2, Table S7),
with additional conditions to improve factor classification.
Specifically, the selected factor’s score had to exceed that of
the second-highest factor to avoid potential factor mixing,
and each criterion score had to account for at least 30 % of
its specific tracer (> 0.3). This additional condition was nec-
essary to ensure a consistent classification of factors, espe-
cially given the wider variability in criterion scores allowed
by the rolling approach (Figs. S9 and S10). Notably, while
this variability reflects the challenges of applying selection
criteria across the full annual dataset, it also highlights the
strength of the rolling PMF method in capturing the tempo-
ral variability in factor composition.

4 Results and discussion

4.1 Comparative analysis: static vs. rolling PMF
approach

To compare factor profiles obtained from static and rolling
PMF approaches, an extended analysis was performed for
the eight factors resolved at MRS-LCP using both methods
(static PMF for YEAR, JF_D, MAM, JJA, and SON and
rolling PMF). First, comparing element apportionment for
each method shows that the rolling PMF leads to lower UEV
for most elements (Fig. S11). Furthermore, most factors, ex-
cept the S-rich factor, exhibit higher S enrichment in the
rolling solution, concomitant with a reduced S contribution
in the S-rich factor itself (Fig. S12). Such differences are par-
ticularly relevant given the wide range of potential sources
contributing to secondary sulfate formation (e.g., various in-
dustrial activities, shipping), while the accurate attribution of
the sulfate origins remains challenging (Chazeau et al., 2021;
Su et al., 2025). The more homogeneous S apportionment
leads to enhanced sulfur enrichment in the shipping and Br-
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rich factors at both sites, as well as in the Pb-industrial fac-
tor at FOS only, resulting in higher mass contributions of
these factors in the rolling PMF solution across all seasons
(Fig. S13). An exception is observed for the shipping factor
at FOS during winter, where a higher contribution is obtained
with the static approach. However, the rolling PMF contribu-
tion appears to be more environmentally interpretable, given
the reduced sea breeze advection during this period.

To further assess the intra-variability of factor profiles re-
solved by static and rolling PMF, all factor profiles obtained
at MRS-LCP were extracted from the bootstrapped PMF out-
puts. This included 404 profiles from the static PMF analy-
sis and 14 614 profiles from the rolling PMF analysis. Pair-
wise PD-SID and CD (2.3) were then calculated for each fac-
tor and each method (eight factors x two methods). For each
factor, this resulted in n(n — 1)/2 profile comparisons, where
n is the number of profiles obtained with a given PMF ap-
proach. Both PD-SID (Fig. 2a) and CD analyses (Fig. 2b)
indicate larger variability in factor profiles resolved by the
dynamic approach compared to the static one for both major
(PD) and trace elements (SID). This trend was observed for
all factors except the constrained ones (shipping, Cl-rich),
highlighting the critical importance of reference profile se-
lection when applying constraints (Sect. 3.2 and 3.3). The
S-rich factor showed relatively low PD enhancement and
CD under the rolling approach, consistently with the dom-
inance of sulfur in the elemental mass and the persistence
of large-scale sulfate formation from photooxidation in the
basin (Sect. 4.2.9). By contrast, the Zn-rich factor exhib-
ited PD-SID values above the range of homogeneous chemi-
cal profiles, suggesting possible contributions from multiple
sources, similarly to what has been stated in Sect. 4.2.6.

To assess the temporal variability of factor composition
within the rolling PMF approach, PMF runs were attributed
to individual days of the dataset. Using a 21 d window, a 1d
shift, and 50 PMF repeats per window, each day was rep-
resented by approximately 50 selected PMF runs (after ap-
plying the selection criteria; Sect. 3.3), corresponding to all
rolling windows including that day. For each factor, daily
rolling PMF profiles were compared to the corresponding
static (YEAR) profiles by calculating the CD (Fig. S14). The
mean and standard deviation of these metrics were then de-
rived for each factor. In organic aerosol PMF studies, CD
values above ~0.15 (6 > 30°) are generally considered to
be indicative of weak similarity (Bougiatioti et al., 2014).
The daily CD between rolling and static factor profiles shows
minimal variation for the S-rich factor and for the constrained
shipping and Cl-rich factors, consistently with previous re-
sults. In contrast, the Br-rich, Zn-rich, dust, steel industry,
and biomass burning factors exhibit pronounced increases in
CD (> 0.15) during specific periods of the year, indicating
substantial temporal variability in source chemical composi-
tion that is effectively captured by the rolling PMF approach.

Detailed analyses of the daily CD for the biomass burn-
ing factor (Fig. S15) reveal large deviations during summer,
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associated with enhanced sulfur enrichment. This behavior
is consistent with previously reported increases in S /K ra-
tios with the aging of biomass burning emissions (Viana
et al., 2013). These results support the interpretation that
biomass burning is mainly driven by fresh and local resi-
dential heating during winter, whereas summertime rolling
profiles reflect distant sources (e.g., wildfires, agricultural
burning, barbecuing), combined with enhanced photochem-
ical conversion of SO, into particulate sulfate under higher
solar radiation. In contrast, the static PMF approach yields a
biomass burning factor largely dominated by wintertime res-
idential solid-fuel combustion and is therefore unable to ad-
equately represent summertime biomass burning emissions.

Overall, these results demonstrate the improved ability of
the rolling PMF approach to capture seasonal variability and
short-term changes in aerosol composition. However, further
work is needed to fully understand submicron airborne ele-
ments sources in the region and to assess the geochemical
relevance of short-lived rolling PMF profiles.

4.2 Interpretation of PMF factors

Rolling PMF analysis of PM Xact data resolved nine factors
at FOS and eight at MRS-LCP, including seven factors com-
mon to both sites (Figs. 3-6, S16-S19). These shared factors
comprised S-rich, Br-rich, and Cl-rich factors associated with
secondary aerosol formation, as well as biomass burning,
dust, shipping, and steel industry. A Zn-rich factor was re-
trieved exclusively at MRS-LCP, while two additional indus-
trial factors (i.e., Zn-industrial and Pb-industrial) were iden-
tified only at FOS. No distinct factor could be exclusively
attributed to road transport emissions as non-exhaust traffic-
related metals are predominantly associated with coarse par-
ticles (Bukowiecki et al., 2010; Visser et al., 2015b; Pant et
al., 2017). Nevertheless, road transport may contribute to the
steel industry and Zn-rich factors at MRS-LCP.

Secondary aerosols dominate the submicron elemental
mass at both sites, with the S-rich factor accounting for more
than half of the total PM; elemental mass. Biomass burn-
ing represents the second largest contribution. The dust fac-
tor contributes less than 5 % at both sites, consistently with
the predominance of crustal material in the coarse fraction
(Pey et al., 2013). Eventually, direct anthropogenic sources,
including industrial factors (steel industry, Pb-industrial, Zn-
industrial) and shipping, each contribute less than 7 % to the
submicron elemental mass. Although these contributions to
PM; mass are relatively small, their potential health impact
may be significant. Specifically, shipping and industrial com-
bustion processes are known to emit particles in the ultra-
fine size range (Jonsson et al., 2011; Riffault et al., 2015;
Momenimovahed et al., 2021), which can penetrate deeply
into the respiratory system and cause adverse health effects
(Kreyling et al., 2000).
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Figure 3. Pie chart showing the average mass contribution of Xact rolling PMF factors for FOS (left) and MRS-LCP (right).

4.2.1 Shipping

At MRS-LCP, shipping emissions contributed approximately
6 % to total PM; during the summer of 2018 (Camman et
al., 2024). In this study, shipping emissions contributed to
6.7 % and 3.3 % of the total element mass of the PM; at FOS
and MRS-LCP, respectively (Fig. 3). At both sites, this fac-
tor was composed mainly of sulfur (> 89 %) and accounted
for the majority of V and Ni (> 88 %, Fig. 4), consistently
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with previous ED-XRF shipping emissions studies in Mar-
seille (Le Berre et al., 2025) and other coastal cities (Scerri
et al., 2018; Fossum et al., 2024). Slight Fe enrichment at
MRS-LCP (2 %) may reflect ship maneuvering at berth (Le
Berre et al., 2025).

Non-parametric wind regression (NWR, Figs. S16
and S17) analyses further confirmed the maritime origin of
the shipping factor. At both sites, shipping plumes were ad-
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vected inland by daytime sea breeze, especially between May
and October (Figs. 6 and S20). Compared with MRS-LCP,
the FOS site is less frequently influenced by sea breeze cir-
culation (Fig. S20), likely intercepting shipping plumes more
episodically and at a more aged stage. This is consistent with
the higher sulfur fraction observed at FOS (96.8 £ 0.6 %) rel-
ative to MRS-LCP (89.4 £ 1.0 %), reflecting enhanced sec-
ondary sulfate formation during transport. The higher sulfur
content also explains the larger average contribution of the
shipping factor at FOS (34ngm™3) compared with MRS-
LCP (19ngm™3; Fig. 3). Moreover, the industrial Fos-sur-
Mer harbor hosts many tankers and cargo vessels awaiting
port entry, as well as tankers transiting through the Berre
Channel (MarineTraffic, https://www.marinetraffic.com, last
access: 28 February 2024). The longer residence time of
these vessels in the Gulf of Fos-sur-Mer may further con-
tribute to the observed sulfur enrichment. Daily cycles fur-
ther reflected port-specific activities (Figs. 6 and S21). Mar-
seille’s port mainly serves passenger ships, with peak ship
movements in the early morning (04:00-07:00 UTC) and late
afternoon (16:00-18:00 UTC), corresponding to two distinct
peaks in the MRS-LCP shipping factor. In contrast, Fos-sur-
Mer GPMM activity is dominated by cargo traffic, and the
FOS shipping factor exhibited a flatter diurnal profile, with a
slight midday increase likely driven by sea breeze rise rather
than increasing shipping traffic.

Consistently with recent IMO regulations and the in-
creased use of desulfurized fuel (Yu et al., 2021; Fossum et
al.,2024), V / Niratios have decreased compared to pre-IMO
values (1.2 +0.2 at MRS-LCP, 1.6 £ 0.3 at FOS vs. approxi-
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mately 2 in summer 2018; Camman et al., 2024). The slightly
higher ratio observed at FOS may reflect a stronger industrial
influence or the continued use of heavy fuel oil in combi-
nation with scrubbers on tankers and cargo vessels (Brezins
et al., 2026). Another consequence of IMO 2020 regulation
is that SO3, once a reliable tracer of shipping emissions at
MRS-LCP (Lu et al., 2006; Chazeau et al., 2022), no longer
correlated with the shipping factor in 2023, indicating an ef-
fective reduction in SO, emissions.

4.2.2 Biomass burning

The biomass burning factor was identified at both sites and
contributed to more than 20 % of the PM; elemental mass
concentration during winter (Fig. S22). It was primarily com-
posed of K (> 66 %) and S (> 22 %), with trace elements
such as Rb (only at FOS, not calibrated in MRS-LCP), Cu,
Cr, and As (Fig. 4).

Both sites exhibited typical daily cycles, with peak
concentrations between 05:00-09:00 and 19:00-23:00 UTC
(Fig. 6), reflecting increased nighttime domestic heating.
This trend closely aligns with the BBOA factor behavior
reported at MRS-LCP and in previous studies (Viana et
al., 2013; Chazeau et al., 2022). NWR analyses showed a
clear land-breeze influence during winter from the 5-90°
sector at both sites, consistently with biomass burning emis-
sions transported by nocturnal land breeze (Figs. S23-S24).
At FOS, an additional contribution was observed from the
southeast (125-145°), possibly linked to mixing with indus-
trial combustion sources in the Port-de-Bouc area. During
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summer (JJA), the factor’s geographical origin at MRS-LCP
suggests a stronger influence of local sources, whereas at
FOS it exhibits a distinct southeastern origin associated with
Pb-industrial activity (Sect. 4.2.3), which may indicate par-
tial redistribution of K from other sources during this period
(Figs. S23-S24).

Significant correlations with other combustion-related
markers confirmed the origin of the factor. At MRS-LCP, it
was correlated with BCsp (R =0.78) and BBOA (R =0.77)
and with particle number concentrations in the 150-200 nm
range (R2 =0.59, Figs. S25-S26), consistent with the size
of biomass burning aerosols, which typically range from
approximately 100 (fresh) to 250nm (aged) (Janhill et
al., 2010). At FOS, good correlations were observed with
BCsr (R =0.80) and benzene (R =0.69) (Fig. S27). How-
ever, benzene is also emitted by industrial sources: NWR
analyses indicate that, while winter benzene shows a minor
northeastern contribution, summer patterns are dominated by
emissions from the Fos-sur-Mer and Port-de-Bouc industrial
areas (Sect. 4.2.3, Fig. S28). This suggests that the biomass
burning factor at FOS may include a partial industrial com-
bustion contribution.

Finally, factors at both sites exhibited traces of As,
Cr, and Cu, which could result from the combustion
of wood treated with chromium—copper—arsenate (CCA)
(Solo-Gabriele, 2002; Wasson et al., 2005), a pesti-
cide historically used for timber preservation (Morais et
al.,, 2021). Although CCA has been banned for com-
mercial use in Europe since 2004, some industrial ap-
plications remain permitted, and no specific guidance
has been provided regarding the incineration of CCA-
treated wood (COMMISSION DIRECTIVE 2003/2/EC of
06/01/2003, https://eur-lex.europa.eu/legal-content/es/ALL/
2uri=CELEX:32003L0002&qid=1766167742441, last ac-
cess: 9 January 2026).

4.2.3 Pb-industrial

This factor was exclusively identified at the FOS site. It rep-
resents 2.7 % of the yearly average of the total elemental
mass. It was primarily composed of S (44 %) and K (28 %)
and accounted for 93 % of the total Pb mass (Fig. 4). It did
not exhibit any clear seasonal or diurnal variability (Figs. 6
and S22). Nevertheless, the NWR analysis revealed distinct
contributions from the 235-260 and 110-150° sectors under
relatively strong wind conditions, as well as a minor contri-
bution from the 5-90° sector during winter only (Figs. S17
and S29). This latter contribution, typical of nocturnal land
breeze transport, suggests a possible influence from residen-
tial solid-fuel combustion (Sect. 4.2.2). The presence of Cr,
Cu, and As traces, similarly to the biomass burning factor,
further supports this potential mixing of biomass burning
and industrial combustion. However, the predominant south-
westerly and southeasterly origins are indicative of industrial
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sources, likely associated with the Fos-sur-Mer and Port-de-
Bouc industrial complexes, respectively.

Fine airborne Pb has long been recognized as a marker of
anthropogenic activities (Clements et al., 2014; Riffault et
al., 2015) and may originate from coal combustion (Alastuey
et al., 2016; Rai et al., 2021), industrial processes (Moffet
et al., 2008; Manousakas et al., 2022), and waste inciner-
ation (Riffault et al., 2015). In the area, coal combustion
is exclusively associated with the steel industry in Fos-sur-
Mer and therefore cannot account for the southeastern Pb
contribution. A municipal waste incinerator located near the
steel complex in Fos-sur-Mer, together with petrochemical
and plastic-processing facilities in the Port-de-Bouc indus-
trial area, where open burning has been reported, likely ac-
counts for the observed Pb, As, and Cd emissions (Valavani-
dis et al., 2008; Kumar et al., 2015).

Overall, the elemental composition, dominated by S, K,
Pb, and As, and the observed wind directions suggest a
combustion-related industrial source. Note that the Pb NWR
at MRS-LCP indicates a dominant local and northeasterly
origin, inconsistently with an industrial influence from the
Berre Pond area (Fig. S30). Nevertheless, a partial contribu-
tion from the west confirms an influence of industrial Pb at
MRS-LCP. This signal was largely captured within the steel
industry factor but was not sufficient to resolve a distinct Pb-
industrial factor at this site (Fig. 4).

4.2.4 Steel industry

A factor enriched in Fe (FOS: 80 %, MRS-LCP: 51 %), and
S (FOS: 12 %, MRS-LCP: 37 %) was identified at both sites,
accounting for the majority of Mn mass (> 64 %) (Fig. 4).
This factor represents 4.7 % and 6.9 % of the total element
mass of the PM; at FOS and MRS-LCP, respectively. At
FOS, it clearly shows an origin from the 235-260° sector
aligning the steel industry in Fos-sur-Mer (Fig. S17). Fur-
thermore, the presence of spikes in the time series (Fig. 5)
strongly suggests an origin of intense and nearby industrial
activity (Ledoux et al., 2006; Moreno et al., 2011; Taiwo et
al., 2014; Almeida et al., 2015; Kfoury et al., 2016; Rai et
al., 2020b, 2021). This is not surprising as the Berre Pond
hosts one of the largest steel plants in France, located ap-
proximately 2 km from the FOS sampling site (Fig. 1).

A previous study (Sylvestre et al., 2017) characterized fine
particulate emissions downwind of this facility associated
with high levels of Fe, S, Mn, and Zn (Fig. S31), further
supporting this source attribution. However, the Mn / Fe ra-
tios observed here (FOS: 0.012; MRS-LCP: 0.006) are lower
than those reported by Sylvestre et al. (2017) (0.056). This
discrepancy likely reflects differences in particle size fraction
(PM3 5 in Sylvestre et al. (2017) versus PM; in the present
study), as well as potential mixing of this factor with other
Mn- and Fe-containing sources at MRS-LCP.

Notably, neither railway nor road transport emissions
could be attributed to a single PMF factor at MRS-LCP,
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whereas the St-Charles train station is only approximately
1km (260° direction) from MRS-LCP, and the station is
located in the city center, where massive road traffic oc-
curs (Fig. 1). Nevertheless, the presence of a local contribu-
tion (Fig. S16), together with reduced concentrations during
weekends (Fig. S18), suggests a partial influence from road
transport emissions (Manousakas et al., 2022, 2025) in the
steel industry factor at MRS-LCP. However, as previously
observed at this site (Camman et al., 2024), non-exhaust traf-
fic emissions are only weakly captured in the submicron frac-
tion since tire and brake wear particles are predominantly as-
sociated with particle sizes larger than 1 um (Bukowiecki et
al., 2010; Visser et al., 2015b; Pant et al., 2017).

The northwestern and southwestern contributions of the
factor at MRS-LCP (Fig. S16), associated with mistral-
breeze and sea breeze advection, respectively, suggest a fac-
tor primarily related to steel industry emissions originating
from the Fos-sur-Mer industrial area. It was also marked
by a sharp increase in diurnal activity between 04:00 and
07:00 UTC, followed by a gradual decline, relative to the
onset of sea breeze (Chazeau et al., 2021, Fig. 6). In both
cases, oxidation of industrial plumes and secondary sulfate
formation from industrial SO, emissions can occur (Marris
et al., 2012; El Haddad et al., 2013; Chazeau et al., 2021),
inducing S-factor enrichment and higher average mass con-
tribution of the factor at MRS-LCP (Fig. 3). The additional
presence of Pb in the MRS-LCP factor is consistent with pre-
vious findings at this site (Camman et al., 2024) and may
reflect the inability of PMF to separate Pb-related industrial
emissions (Sect. 4.2.3) from the steel industry emissions due
to the spatial proximity of these emission sources.

4.2.5 Zn-industrial (FOS)

A factor composed of Zn> S > K > Fe > Mn > Cu > As,
in decreasing order of abundance, was identified at FOS
(Fig. 4), representing 2.9 % of the total elemental PM;
mass on a yearly average at this site. Airborne Zn has been
previously attributed to several sources, including road
transport, often associated with Sb (Camman et al., 2024;
Manousakas et al., 2025; Charron et al., 2019); industrial
processes (Manousakas et al., 2022; Riffault et al., 2015);
waste incineration, particularly when associated with Pb
and Cl (Moffet et al., 2008; Enestam et al., 2011); and
solid-fuel combustion (Tissari et al., 2015; Rai et al., 2020b).
NWR analysis indicated a dominant contribution from the
235-260° sector (Fig. S17), corresponding to the industrial
zone of Fos-sur-Mer, where both a major steel plant and
the waste incinerator are located. A minor contribution
from the 10-50° sector suggests influence from land
breezes, possibly associated with sea breeze return flow
at night (Drobinski et al., 2007). According to the 2023
French Pollutant Release and Transfer Register (IREP,
https://www.georisques.gouv.fr/donnees/bases-de-donnees/
installations-industrielles-rejetant-des-polluants, last access:
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9 January 2025), the steel plant in Fos-sur-Mer is the largest
regional source of Zn emissions. Factor enrichment with
Mn further supports its attribution to the steel industry
(Sect. 4.2.4). However, Zn emissions from steel-making are
typically associated with electric-arc and basic oxygen fur-
naces (European Commission, 2008), while the Fos-sur-Mer
facility reportedly operates a blast furnace. Furthermore, no
correlation was observed between the Zn-industrial factor
and the steel industry factor, which may reflect emissions
from distinct processes within the same facility. Enrichment
in K and S also indicates a potential contribution from waste
incineration. Overall, the diverse geographical origins and
mixed chemical composition suggest that the Zn-Industrial
factor represents a mixing of multiple sources, including
steel industry and waste incineration. Despite the clearly
distinct sources, PMF was unable to resolve multiple
Zn-enriched factors.

4.2.6 Zn-rich (MRS-LCP)

A Zn-rich factor, dominated by Zn (53 %) with notable con-
tributions from S and K, was identified at MRS-LCP (Fig. 4),
accounting, on average, for 2.5 % of the annual PM; elemen-
tal mass. Its daily cycle (Fig. 6), characterized by morning
and evening peaks, is similar to that of the biomass burn-
ing factor (Sect. 4.2.2) and to road transport rush hours.
As discussed in Sect. 4.2.5, various anthropogenic activities
can contribute to airborne Zn emissions. However, its north-
eastern origin under low wind conditions suggests a source
advected by nocturnal land breeze (Chazeau et al., 2021,
Fig. S16), ruling out an industrial origin from Fos-sur-Mer
(Sect. 4.2.5). A previous study at MRS-LCP associated a sub-
micron Zn-enriched factor with tire and brake wear, based
on the presence of Sb (Camman et al., 2024). In the present
study, Sb was excluded due to a high proportion of mea-
surement BDL (96 %). Although Cu can serve as a tracer
of non-exhaust traffic emissions (Dubois et al., 2025), the
Zn-rich factor shows little enrichment in Cu. This likely re-
flects the fact that metallic tracers of non-exhaust emissions
are predominantly associated with particles larger than 1 um
(Pant et al., 2017). Weak correlations with HOA and BCyg
(R < 0.35) further exclude road traffic emission as a ma-
jor contributor (Fig. S25). Instead, the presence of K, sim-
ilarly to the biomass burning factor (Sect. 4.2.2), together
with its daily cycle (Fig. 6) and land breeze transport, points
to solid-fuel combustion as a possible source. Nevertheless,
its moderate seasonal variability (Fig. S22), its daily cycle
(Fig. 6), and its substantial contribution to Pb concentra-
tions (34 %) suggest little influence from waste incineration
and indicate that this factor cannot be attributed to a single
dominant source. Rather, it likely reflects a mixture of Zn-
containing emissions, including combustion-related sources
(e.g., biomass burning; Tissari et al., 2015), residual traf-
fic emissions (Camman et al., 2024), and potentially waste-
related activities (Enestam et al., 2011). Analysis of the fac-

https://doi.org/10.5194/ar-4-231-2026


https://www.georisques.gouv.fr/donnees/bases-de-donnees/installations-industrielles-rejetant-des-polluants
https://www.georisques.gouv.fr/donnees/bases-de-donnees/installations-industrielles-rejetant-des-polluants

M. Brezins et al.: Source apportionment of submicron airborne elements in the Marseille—Fos basin 245

tor chemical composition during different periods of the year
(e.g., February and May) reveals marked seasonal variations
in factor composition (Fig. S32), with higher enrichment in
Fe and Ca in May and increased contributions of K, S, CI,
and Br in February. This variability suggests changing source
influences, with a stronger contribution from road dust and
non-exhaust traffic emissions during warmer periods and en-
hanced contributions from combustion-related and secondary
processes in winter (Sect. 4.2.2, 4.2.7, and 4.2.8). The north-
eastern sector origin (5-90°) further supports the influence of
locally transported and mixed aerosols, likely associated with
nocturnal thermal-breeze recirculation processes (Drobinski
et al., 2007).

4.2.7 Cl-rich

A Cl-rich factor, composed almost entirely of elemental
Cl (FOS: 94 %, MRS-LCP: 88 %), was identified at both
sites and accounted for at least 87 % of elemental Cl mass
(Fig. 4) and 4.5 % and 3.6 % of the total elemental mass on
a yearly average at FOS and MRS-LCP, respectively. It ex-
hibited a strong seasonal pattern, with low average concen-
tration in summer (< 10ng m™3 at both sites) and higher av-
erage concentration in winter (FOS: 46 ngm~3; MRS-LCP:
40ng m~3; Fig. $22). Such seasonality is consistent with pre-
vious studies linking fine particulate chloride to combustion-
related emissions or secondary formation from gaseous chlo-
rine species (Visser et al., 2015b; Le Breton et al., 2018;
Tobler et al., 2020; Rai et al., 2021; Chazeau et al., 2021;
Wang et al., 2023; Pawar et al., 2023; Masoud et al., 2023).
Primary sources of particulate and gaseous chlorine include
biomass burning (e.g., KCI, NH4Cl), coal combustion, crop
residue burning, industrial activities (e.g., CI-VOCs, steel in-
dustry), and sea salt dechlorination (Keene et al., 1999; Wang
et al.,, 2017; Ding et al., 2020; Peng et al., 2021). Chlo-
rine gases may further react with NO, and N,Os, leading
to CINO2 formation in the particle phase, followed by rapid
partitioning into the gas phase (Thornton et al., 2010; Simp-
son et al., 2015; Le Breton et al., 2018; Ahern et al., 2018).
Combustion processes often emit chlorine alongside NOj,
promoting CINO; production. Other reactive intermediates
such as Clp and NOCI may also contribute to photochemi-
cally active CI atom formation (Jordan et al., 2015).

The pronounced diurnal variability of the Cl-rich factor,
peaking in the early morning and evening, with a sharp in-
crease overnight and minimal activity around midday, in-
dicates rapid CINO; partitioning into the gas phase (Simp-
son et al., 2015; Faxon et al., 2015; Le Breton et al., 2018;
Wang et al., 2022; Wang et al., 2023; Pawar et al., 2023).
This daily cycle is also similar to that of the biomass burn-
ing, BCgp, and chlorinated compounds from the ACSM and
AE33 measurements (Fig. 6 and S33). Both seasonal and di-
urnal behaviors (Figs. 6, S22, and S33) support the attribu-
tion of the Cl-rich factor to secondary formation processes
from gaseous chlorine species, mainly driven by combustion
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activities. At FOS, the Cl-rich factor correlated with both
the biomass burning factor (R2 =0.41, Fig. S34) and chlo-
rinated volatile organic compounds (CIl-VOCs) associated
with industrial activity (1,2-dichloroethyl: R =0.57; tetra-
chloroethyl: R = 0.46; Fig. S27), pointing to a mixed origin.

The Cl-rich factor originating from various wind direc-
tions at both sites (Figs. S16 and S17) further supports a
mixed origin of the factor, with a minor northeastern contri-
bution, suggesting an influence from biomass burning trans-
ported via a nocturnal land breeze. A small contribution from
the marine areas may indicate partial influence from sea salt
dechlorination, although this was not considered to be a ma-
jor source of fine particulate chloride in this study (Sect. S6:
Sea salt dechlorination, Figs. S35-S36).

4.2.8 Br-rich

A second halogen-enriched factor was identified at both sites,
though with a different composition. The Br-rich factor is pri-
marily composed of S (> 57 %) and K (> 17 %) and is highly
enriched in Br (88 % of Br at both sites) (Fig. 4). It represents
8.3 % and 7.4 % of the PM elemental mass based on a yearly
average at FOS and MRS-LCP, respectively. Its moderate
seasonal, diurnal, and weekly variabilities (Figs. 6, S18, S19,
and S22), in contrast to the Cl-rich factor (Sect. 4.2.7), reflect
a persistent background contribution, consistently with previ-
ous observations at MRS-LCP (Camman et al., 2024). How-
ever, similarly to the Cl-rich factor, NWR analysis (Figs. S16
and S17) revealed diverse origins for this factor. At both sites,
enhanced contributions from marine sectors (south at FOS
and southwest at MRS-LCP) suggest a partial influence from
marine bromine emissions. In particular, previous work in
the Fos-sur-Mer area has shown that chlorinated seawater is
widely used for industrial cooling and ballast water treatment
in cargo vessels, leading to elevated bromoform concentra-
tions at the sea surface in the vicinity of industrial and port
activities (from 0.22 to 10.22 ng m~3; Quivet et al., 2022). A
similar practice in passenger vessels may occur at Marseille
harbor. Reactive bromine species can then undergo atmo-
spheric reactions to form particulate brominated compounds
(Kothai et al., 2011; Simpson et al., 2015). At FOS, the south-
western origin also corresponds to the port-industrial area
hosting a coal-powered blast furnace, suggesting a potential
contribution from particulate Br formed via reactive bromine
gases emitted during coal combustion (Lee et al., 2018; Rai
et al., 2021; Peng et al., 2021).

At MRS-LCP, the Br-rich factor showed a major contri-
bution from the southeastern sector (105-135°) under ele-
vated wind speeds, corresponding to two synoptic regimes:
Sirocco (removed from the dataset, Sect. 3.1, Fig. S5) and
the “marine” wind, typically observed during fall and spring
(Chazeau et al., 2021). Although observed only occasion-
ally, the marine wind traveled extensively over the Mediter-
ranean Sea, potentially contributing to the sulfur and bromine
enrichment of this factor. Another potential contributor is
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a chemical facility located approximately 10km east of
MRS-LCP, along the 105° sector (Fig. 1), which has re-
ported bromine use and past incidents involving gaseous
bromine leaks (bouches-du-rhone.data.gouv.fr, 2013; https:
/Iwww.georisques.gouv.fr, last access: 9 January 2026). Fi-
nally, minor contributions from the northeastern sector (5—
90°) suggest aerosol nocturnal transport with sea breeze re-
turn flow, similarly to the Zn-rich and the Cl-rich factors
(Sect. 4.2.6 and 4.2.7) (Drobinski et al., 2007), further sup-
porting the secondary origin of this factor.

4.2.9 S-rich

The S-rich factor is by far the most abundant (Fig. 3), con-
tributing to more than 50 % of the total measured elemental
mass based on a yearly average for both sites. It is mainly
composed of S (95 %), with elevated Se traces (approxi-
mately 35 % of Se) at both sites, and accounts for 73 % and
79 % of elemental S mass at FOS and MRS-LCP, respec-
tively (Fig. 4). The S-rich aerosols are typically attributed
to oxidation of SO, to sulfate (SOi_) or to direct sulfate
emission (Visser et al., 2015b; Rai et al., 2020a, b, 2021;
Manousakas et al., 2022, 2025), originating from both lo-
cal industrial and port activities, as well as regional ship-
ping emissions across the Mediterranean basin (Chazeau et
al., 2021).

Notably, S-enriched factors are often associated with Se
(Weber et al., 2019) as both elements share major anthro-
pogenic sources, such as metal production, coal, fuel, and
biomass combustion, as well as natural sources such as
sea salt and volcanic activity (Eldred, 1997; Kuittinen et
al., 2024; Su et al., 2025). Both elements are primarily emit-
ted into the gas phase and then are converted into partic-
ulate forms at different rates, leading to decreasing Se /S
ratios with aerosol aging (Zhuang et al., 1999; Wen and
Carignan, 2007; Liu et al., 2021). In this study, Se / S ratios
were 1.9 x 10% at FOS and 1.2 x 10* at MRS-LCP, within
the lower range of previously reported values (1.7 x 10*
in PMj 5, Kumar et al., 2025; 3.2 x 10* in PM,, Rai et
al.,, 2020b). In the area, the only identified coal combus-
tion source is the blast furnace of the steel industry in Fos-
sur-Mer, but those ratios suggest limited influence from coal
combustion emissions.

NWR analysis points to a dominant contribution from the
sea at both sites (Figs. S16 and S17), consistently with partic-
ulate S emissions from shipping and seawater, or secondary
formation in the port areas of the Marseille—Fos basin. Previ-
ous work at MRS-LCP reported elevated sulfate levels from
major shipping routes, highlighting the continued impor-
tance of shipping emissions in sulfate production (Chazeau
et al., 2021), even after SO, reductions (Sect. 4.2.1). The im-
plementation of IMO regulations has led to a substantial de-
crease in SO, emissions from shipping (up to ~ 77 %; IMO),
limiting its use as a direct tracer of shipping activity com-
pared to what was reported in earlier studies conducted at
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this site (Chazeau et al., 2022). However, the potential use
of scrubbers may still result in direct sulfate emissions from
ships (Kuittinen et al., 2024), thereby partially maintaining
the shipping contribution to sulfate. Overall, while shipping-
related SO, emissions have likely decreased, industrial activ-
ity and regional transport of aged marine emissions over the
Mediterranean remain important contributors to the sulfate
observed at MRS-LCP.

Assuming all S is in the form of SOi_, reconstructed sul-
fate from elemental S (Xact) strongly correlates with non-
refractory SOi_ from ToF-ACSM (R2 =0.91, slope =0.99;
Fig. S37). This confirms that sulfates are the dominant
particulate form of sulfur measured by the Xact, in line
with findings across Europe (Furger et al., 2017: R*=0.85,
slope = 1.32, Xact in PM g and ACSM in PM7; Tremper et
al., 2018: RZ= 0.93, slope = 1.41, Xact in PM; 5 and ACSM
in PM)). The larger slopes observed in previous studies likely
reflect differences in particle size fractions sampled by the
Xact and ACSM instruments, while operating both instru-
ments in PM| led to reduced size-related biases in this study.
Time series at both sites and ToF-ACSM SOi_ at MRS-LCP
indicate an optimal sulfate production period from January
to mid-October, followed by a sharp decline, likely linked to
a sudden meteorological shift after a Sirocco event in mid-
October (Fig. S38). Seasonal and diurnal patterns (enhanced
activity between 10:00 and 15:00 UTC, coinciding with peak
solar radiation; Figs. 6 and S38) confirm that this factor is
strongly driven by secondary sulfate formation under high
photochemical activity and stagnant conditions (El Haddad
et al., 2013; Salameh et al., 2015; Chazeau et al., 2021).

4210 Dust

The dust factor is primarily composed of Ca (> 50 %), with
significant contributions from Ti at both sites (FOS: 51 %,
MRS-LCP: 35 %), alongside contributions of S, Fe, and K
(Fig. 4). Although crustal material is generally associated
with coarse particles (Pey et al., 2013), mechanical pro-
cesses such as sandblasting may also explain its presence in
the PM; fraction (Gomes et al., 1990). However, this factor
contributed only modestly to PM; elemental aerosol mass
(< 5 %) at both sites (Fig. 3).

Dust can refer to various sources, including (a) short-range
resuspension dust, linked to road dust or construction ac-
tivities (Belis et al., 2011; Dall’Osto et al., 2013; Visser
et al., 2015b; Manousakas et al., 2022); (b) medium-range-
transported dust such as industrial dust (Riffault et al., 2015,
Almeida et al., 2020) or construction dust; and (c) long-range
transport of crustal material with strong wind regimes like
the mistral or Sirocco (Flaounas et al., 2009). NWR anal-
yses at both sites point to a dominant contribution from
crustal material transported during mistral episodes (275-
360° sector, Figs. S16 and S17). However, the observed di-
urnal and weekly patterns display daytime peaks predom-
inantly on weekdays, consistently with local resuspension
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processes driven by road traffic (Figs. 6, S18, and S19).
These cycles are also similar to those of the steel industry
factor at both sites (Sect. 4.2.4), suggesting possible partial
mixing between the two sources. This is also supported by
the partial 235-260° sector origin of the factor at FOS and
by the reported elevated Ca concentrations downwind of the
blast furnace unit at the Fos-sur-Mer steel industry facility
(Sylvestre et al., 2017, Figs. S17 and S31). This is consistent
with previous findings indicating a mixture of dust and steel
industry emissions, obtained with the source apportionment
approach (Taiwo et al., 2014).

5 Conclusion

This year-long source apportionment study at two sites
provides a comprehensive picture of submicron elemen-
tal aerosols across the Marseille-Fos basin using high-
resolution Xact PM; measurements combined with a dy-
namic rolling PMF approach. The sites, MRS-LCP (ur-
ban background) and FOS (industrial), are located on op-
posite sides of the basin and are influenced by complex
regional meteorological conditions that facilitate inter-site
aerosol transport. A novel dynamic source apportionment ap-
proach was applied using a 21d rolling-window PMF via
the SoFi Pro toolkit. This dynamic framework allowed a
more realistic representation of changing emission patterns
compared with a static PMF and atmospheric processes in
a complex coastal-industrial environment characterized by
frequent wind shifts and inter-site air mass exchanges.

The analysis resolved nine PMF factors at FOS and eight
at MRS-LCP, with seven factors common to both sites.
Among these seven factors, three were attributed to sec-
ondary aerosol formation: the S-rich (FOS: 52 %; MRS-LCP:
60.3 %), Cl-rich (FOS: 4.5 %; MRS-LCP: 3.6 %), and Br-
rich (FOS: 8.3 %; MRS-LCP: 7.4 %) factors. Biomass burn-
ing was the second-largest contributor at both sites (FOS:
14 %; MRS-LCP: 12.5%). As expected given the intense
harbor activity in the region, a shipping factor was identi-
fied (FOS: 6.7 %; MRS-LCP: 3.3 %), with episodic peaks ex-
ceeding 400 ng m~3 that can last 1-3 h. A dust-related factor,
linked to both long-range transport and local resuspension,
was also observed at both sites (FOS: 4.3 %; MRS-LCP:
3.5%). A non-ascribed Zn-rich factor was retrieved exclu-
sively at MRS-LCP (2.5 %), while two additional industrial
factors were resolved only at FOS, namely a Pb-industrial
factor (2.7 %) and a Zn-industrial factor (2.9 %), associated
with waste incineration and steel production. A steel industry
factor was also identified at MRS-LCP (6.9 %), though with
differences in composition. These differences suggest both
the mixing of industrial emissions and the formation of sec-
ondary aerosols during plume transport from FOS to MRS-
LCP. These results clearly demonstrate that emissions from
the Fos-sur-Mer industrial area influence air quality through-
out the basin, transported under alternating mistral and sea—
land breeze regimes.

https://doi.org/10.5194/ar-4-231-2026

A total of 10 distinct elemental sources were character-
ized in the MRS-FOS basin, five of which (shipping, biomass
burning, Pb-industrial, Zn-industrial, and steel industry) stem
directly from primary anthropogenic emissions. The predom-
inance of human-related sources underscores the strong in-
dustrial and maritime imprint on the region’s atmospheric
composition. This issue is further amplified by the basin’s
topography and population density, which enhance popula-
tion exposure to a complex mixture of potentially harmful
airborne elements. Considering recent epidemiological find-
ings linking residences near the Berre industrial zone with
increased chronic-disease prevalence, including cancer and
diabetes (Jeanjean et al., 2023), the present results call for
closer integration between atmospheric chemistry and health
research. Future studies should focus on the toxic potential
of these resolved submicron sources to better quantify their
public health implications in industrialized coastal regions.
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