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Abstract: Wildfire smoke contains metal-laden ultrafine particles (<0.25 um) systematically overlooked in air quality
monitoring, representing a hidden hazard. We show that these ultrafine particles dominate smoke composition, accounting
for >60% of particle mass and carrying toxic metals including chromium, nickel, and titanium at sizes down to 5 nm, small
enough to penetrate lung barriers and enter the bloodstream. Unexpectedly, ultrafine metal abundance is decoupled from
conventional PM2.s measurements but correlates strongly with underlying geology, revealing that burned lithology controls
smoke toxicity. With wildfires intensifying globally and smoke exposure affecting hundreds of millions annually, current
exposure assessments based solely on PMz.s mass miss the most hazardous fraction of smoke. Our findings necessitate the
incorporation of size-resolved metal composition into air-quality forecasting and public health protection.
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Wildfire smoke represents a major source of air pollution and a growing public health problem (/-6). Wildfire particulate
matter less than 2.5 pm in diameter (PM..5), a pollutant regulated under the Clean Air Act, is more harmful than air pollution
from other emission sources, contributing to declining air quality in the United States (7, 8), and increasing morbidity (4, 9-
11) and mortality (8, 12-15). Air quality indices use PM> s concentration as a metric to evaluate air pollution risks in many
countries, including the United States, Canada, India, China, and many European countries (12, 16, 17). Further, several
recent studies (4, 8, 9, 11-15, 18) have utilized air modeling and machine learning approaches to measure the health impacts
of exposure to wildfire smoke using publicly available PM, s concentration data. However, PM; s is an operational and broad
term that obscures the chemical and physical diversity of airborne particles, it is a parameter blind to particle chemistry.
Current air quality indices offer only a partial assessment of air pollution because they rely solely on bulk PM..s
concentrations, overlooking critical information about variations in particle toxicity.

A wide variety of particles with distinct sizes and morphologies, and thus health impacts, can form within the sub-2.5 um
size range (/9-22). Ultrafine particles, those < 0.25 um in diameter, can penetrate deep into lung tissue and tend to be highly
reactive with greater tissue contact given their high surface area; they are also not easily cleaned from lung tissue (23-25).
Included within ultrafine particles are nanoparticles (<0.10 um), which can move beyond the lung tissue and penetrate the
bloodstream and even cross the blood—brain barrier (23-26). Recent epidemiological evidence (23) demonstrates that
exposure to nanoparticles through inhalation is associated with increased risk of neurodegenerative disease, independent of
PM..s mass, suggesting that differences in particle size are likely to influence health outcomes (23, 24, 27, 28).

Toxic metals are also disproportionately associated with ultrafine particles, and their health impacts are only beginning to
be assessed, but appear severe (16, 29). During wildfires, metals can form or associate with ultrafine particles that are often
not just fine (<2.5 um) but predominantly ultrafine (30, 37), facilitating their transport through the air and within the human
body (20, 32). Recent large-scale analyses show that wildfire smoke substantially enriches ambient PM2.s with toxic metals,
and that these metal burdens are increasing in frequency and magnitude across fire-impacted regions (/6). Resolving the
chemical and physical aspects (e.g., size, morphology, and co-associations of metal particles) of particles in wildfire smoke,
and factors controlling their variation, is thus critical to assess their exposure and health risk (23, 24, 28, 31, 33, 34).

Here, we determined the physical and chemical properties of wildfire-derived PM2.s by collecting smoke samples from 10
wildfires across the Western United States during the 2024 fire season. We selected wildfires spanning a wide range of fire
characteristics (tables S1 and S2) and smoke PMa.s concentrations (14.0-654 ug m™) to provide a broad representation of
wildfire PM.

Size distribution of smoke

Across the ten wildfires examined, we observe that absolute particle mass in each size fraction in bulk smoke varies
significantly but increases on impactor stages with smaller aerodynamic diameters regardless of smoke concentration (Fig.
1A and fig. S1). Averaged across fires, more than 80% of the total mass is associated with stage fractions that are less than
0.50 um, with over 60% concentrated on stage fractions less than 0.25 pm (Fig. 1B), indicating that ultrafine particles
dominate wildfire-smoke mass across all fires. Biomass-burning results in the greatest particle mass within the fine fraction,
with volume median diameters typically around 0.25 to 0.30 um for freshly generated smoke and modest growth with aging
(35-37). Our measurements alter this picture by showing that wildfire particle mass is not only dominated by fine particles
but is strongly shifted toward the ultrafine range (<0.25 pm).

We performed small-angle X-ray scattering (SAXS) on selected filters to further examine the particle size distribution.
Excess scattering intensity occurs above background for characteristic sizes of ~2 to 325 nm (0.002 < q < 0.5 A™") (Fig. 2).
For most samples, we observe a distinct excess scattering contribution at characteristic sizes of ~2 to 25 nm, indicating an
enriched nanoparticle population. The nanoparticle population becomes increasingly pronounced with decreasing
aerodynamic diameter, indicating enrichment in the smallest impactor stages (fig. S2). For the 0.50-0.25 um stage fraction,
subtraction of a power law fit to the data results in a continuous excess scattering intensity. For the <0.25 um stage fraction,
equivalent power law fits for PF and BF reveal a distinct population of particles as small as 5 nm, with an average diameter
of 61 =2 and 66 = 7 nm, respectively (fig. S3). Wildfire smoke contains substantial ultrafine and nanoparticle mass across
sampled fires, which fall well below the size ranges measured in air quality monitoring frameworks, despite dominating the
particle population and exerting severe health impacts (23, 24, 28, 31, 33, 34).
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Toxic metals in smoke

The wildfires we examined also span a wide range of weathering environments with different parent lithologies, from felsic
to ultramafic, allowing us to examine source imprints on smoke metal content. Across all wildfires, the total metal
concentration varied substantially, ranging from ~200 ng m~ in the Boise Fire (BF) to ~860 ng m~ in the Diamond Complex
Fire (DF) (Fig. 3), with metals spanning the full particle size spectrum and a robust and recurring presence in the sub-0.50
um fraction. Metal concentrations were often highest in the sub-0.25 um fraction (fig. S4). Individual metal concentrations
also varied substantially. For example, Cr ranged from a low of ~37 ng m™ in the Park Fire (PF) to a high of ~604 ng m™
in DF, and Fe ranged from 110 ng m™ in BF to 533 ng m in the Middle Fork Complex Fire (MF). Metal concentrations
also varied across particle size ranges and consistently extended into the ultrafine (sub-0.25 um) size fraction. Notably, Cr
concentrations are highest in the ultrafine range (<0.25 um), accounting for ~39% of the ultrafine particles metal mass
(ranging from ~20-80% across fires) in comparison to ~20% of the bulk PM metal mass across fires (fig. S5). Iron has the
highest average concentration among all measured metals, accounting for ~57% of total metal mass (ranging from ~20-70%
across fires) in bulk PM, with ~42% of the ultrafine particle mass (fig. S5). Titanium, Ni, Mn, and Cu together account for
~20% of the total metal in both bulk PM and are distributed across submicron size fractions.

We examined the specific imprint of geology on metal content in smoke by assigning each lithology layer within a wildfire
perimeter a relative metal-content score, from felsic (lowest) to ultramafic (highest), and calculated a Geology Composition
Index (GCI) by weighting each layer by its area within the fire perimeter (see materials and methods and table S1). We then
normalized total metal concentrations by potassium (K), used as a biomass-burning tracer (38, 39), to remove variability
associated with biomass burning and concentration, and compared these normalized concentrations with the GCI. Metal
concentrations increase approximately linearly with increasing GCI (R? = 0.68), corresponding to a shift from felsic to mafic
and ultramafic lithology (Fig. 4A). In addition, the metal fraction in particles with aerodynamic diameter <0.25 pm also
shows a strong linear relationship (R? = 0.79) with increasing GCI (Fig. 4B), indicating that source lithology exerts a strong
control over smoke metal composition and size, with fires burning over metal-rich rocks producing greater total toxic metal
content and ultrafine metal enrichment (40, 41). The geologic imprint is illustrated by the higher metal concentrations
observed in Fresno June Lightening Complex Fire (FF), despite having lowest PM, s concentration, as a result of the fire
burning across an area with ~25% mafic and ultramafic rock types; by contrast, the PF with the highest PM> s concentration
burned predominantly over non-mafic, low-metal rocks, resulting in low metal concentrations (fig. S6). We also evaluated
whether vegetation type influenced smoke metal levels, but found no discernible relationship.

The individual metal concentrations within PM..s mass across fires, and total metals across aerodynamic size fractions with
PM:.s mass, vary nonlinearly (figs. S7 and S8). We performed the nonparametric Spearman rank correlation test and found
that the ratio of metals to PM» s concentration in the smoke increases with decreasing PMz.s concentration across all size
fractions, indicating a consistent negative monotonic relationship (fig. S9), further emphasizing that lower PMo.s
concentrations do not equal less toxic PM. Despite the apparent decoupling of total PM and metal content, we find that Cr
can serve as a predictor of ultrafine metal PM. Bulk Cr concentration shows a moderately strong correlation (R? = 0.59)
with the concentration of ultrafine metals (<0.25 um) across all sampled wildfires (Fig. 4C), providing the possibility to
assess the threat of ultrafine metals in aggregate through a simple bulk measurement.

Metal-bearing nanoparticles

To gain greater insight on the chemical and physical properties of metal-bearing particles in the ultrafine (to nano-size)
range of wildfire smoke, we performed scanning transmission electron microscopy (STEM) with elemental mapping on
selected sub-0.50 pm filters with varied metal concentrations. Within the ultrafine fraction, we observed an abundance of
aggregates and discrete particles well below 100 nm, extending to sizes <5 nm across different wildfires, particles classified
as nanoparticles (33, 42). The nanoparticles exhibit diverse morphologies, ranging from spherical to irregular and chain
aggregates, features that are controlled by different burning conditions (35, 36, 43, 44). Elemental maps reveal that metals
such as Fe, Cr, Ni, Mn, and Ti are associated with the nanoparticles (Fig. 5). Individual nanoparticles can host either a single
metal or multiple co-localized metals, indicating that wildfire-derived metals are not necessarily segregated by particle type
but frequently co-occur within single particles (24, 45-47). Co-exposure to airborne metal toxins may lead to a more
pronounced toxicity response (48-50) than exposure to single-metal or organic-dominated particles. We also observe organic
nanoparticles in wildfire smoke as both isolated particles and chain aggregates, ranging from <10 nm to several hundred
nanometers in size (fig. S10).
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Metals such as Cr, Ni, and Ti reside in the ultrafine to nano-size fractions. Inhalation of these metals can be toxic regardless
of particle size (57-56), but their toxicity and health impacts can increase substantially at smaller sizes, where higher
reactivity and bioavailability can amplify toxicity responses (23, 24, 28, 45, 46). In addition, wildfires often burn for
extended periods and can degrade air quality for months (fig. S11), resulting in prolonged exposure of local and regional
populations to these ultrafine toxins (57, 58). Further, we also observe that on average more than 40% of ultrafine metal
particulate mass is composed of Fe, including Fe-containing nanoparticles as small as <5 nm, a size range where even
relatively benign Fe can become highly reactive and potentially toxic upon inhalation (20, 59-61). In the human body, Fe
oxide nanoparticles can undergo redox cycling between Fe(Il) and Fe(Ill), promoting the generation of reactive oxygen
species (ROS) through Fenton’s reaction (60, 62). Nanoparticle-driven ROS generation increases as metal particle size
decreases because a larger proportion of catalytic surface groups are available for interaction with tissues at the nanoscale,
rising from ~10% at 30 nm to nearly 50% at ~3 nm (63, 64). Our results demonstrate that wildfire smoke contains abundant
metal-bearing nanoparticles across diverse particle sizes, types, and morphologies, highlighting the importance of resolving
particle size and composition when assessing exposure to PM in wildfire smoke.

The health and air quality implications of our results point to a common need: to move beyond bulk PM..s mass toward
metrics that better reflect the toxicity of wildfire smoke. Despite their far-reaching impacts on public health, the particle
size and chemical composition of PM in wildfire smoke are not effectively captured by current exposure frameworks. The
toxicity of smoke is largely based on the mass concentration of PM..s as an indicator of particulate materials in air (57, 65-
67). However, PM2.s measurements are blind to differences in size and composition of particles that have important
implications for human health (68, 69). Incorporating these factors into health assessments and air quality metrics is essential
to ensure that public guidance accurately reflects exposure risks.
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Fig. 4. Geological control on metal abundance in wildfire smoke. (A) Relationship between the lithology
composition index (GCI) and the ratio of total metals to bulk K in bulk PM. Metal abundance increases
systematically from felsic to ultramafic geological compositions. (B) The same relationship for PM <0.25 pm.
Ultrafine particles show a positive relationship with GCI, indicating that geological sources influence metal
enrichment even in the smallest smoke particles. GCI reflects the relative contribution of felsic to ultramafic
lithologies within each wildfire perimeter. (C) Bulk Cr as a predictor of ultrafine metal enrichment in wildfire
smoke. Relationship between bulk Cr concentration and ultrafine total metal mass (<0.25 pm), showing a positive
association. Error bars represent standard errors. We evaluated point influence using Cook’s distance. For plot A,
no observation exceeded the conventional threshold, including the Dimond Complex fire point at the far right
(Cook’s D =0.27; 4/n = 0.40), so all fires were retained. For plots B and C, the Dimond Complex exceeded the
Cook’s distance threshold (D = 3.3 and 18, respectively) and was excluded from the regression. Notably, the
excluded sample shows the highest concentrations of GCI, ultrafine total metal, and Cr.
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Fig. 5. Scanning transmission electron microscopy (STEM) images and corresponding elemental maps. (A) The
Middle Fork Fire, showing Fe, Cr, and Ni nanoparticles with sizes as small as <5 nm. (B) Park Fire, where Fe, Cr, and Mn
nanoparticles are co-located within a single particle. (C) Wapiti Fire, showing co-associated Fe, Ni, and Ti nanoparticles

forming larger metal-rich particles.
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Materials and Methods
Wildfire Smoke Collection

Wildfire smoke was collected from 10 active wildfires across the western United States between June and September 2024,
which we term the 2024 wildfire season. Included in our sampling are the Fresno June Lightning Complex Fire (FF), Lake
Fire (LF), Coffee Pot Fire (CF), Park Fire (PF), Boise Fire (BF), and Shelly Fire (SF), from California (CA), Dimond
Complex Fire (DF) and Red Fire (RF) from Oregon (OR), and Middle Fork Complex Fire (MF) and Wapiti Fire (WF) from
Idaho (ID). The wildfire locations, sampling dates, dominant vegetation, and the distance of the sampling location from the
wildfire are shown in table S2.

The wildfires occurred on diverse geological settings from felsic to ultramafic and a range of smoke PM..s concentrations
to capture the full spectrum of Air Quality Index (AQI) PM..s categories, from moderate to hazardous. AQI was used as a
reference because communities affected by these wildfires were receiving public health guidance based on AQI levels.
PurpleAir real-time air quality monitoring sensors were used to guide site selection, ensuring that sampling occurred within
the smoke plume and in locations where smoke PM..s concentrations were at least within the moderate range (9.1-35.4 ug
m™) in the vicinity of the wildfires (fig. S11). Additionally, we utilized an EPAM-5000 Environmental Particulate Air
Monitor Kit (SKC) equipped with a 2.5-um impactor to measure real-time PM, s concentrations during sampling (fig. S12).
The smoke plume data were downloaded from NOAA’s Hazard Mapping System (HMS) and visualized for the day of
sampling for each sample location to further confirm the presence of the smoke during sample collection (fig. S13). The
fire perimeters were downloaded from National Interagency Fire Center. We used ArcGIS Pro to overlay different layers of
information for the plum maps.

Smoke samples were collected using a Flite 4 Area Sample Pump (SKC) connected to a Sioutas Cascade Impactor (SKC),
which separated and collected airborne PM on polytetrafluoroethylene (PTFE) filters into five size fractions (50% cut-
points): >2.5, 1.0-2.5, 0.50-1.0, 0.25-0.50, and <0.25 um. The efficiency of the Sioutas Cascade Impactors in separating
airborne PM across these cut-points was previously evaluated, showing a collection efficiency above 90%.(70) A picture of
particles collected on the filters for selected wildfires is shown in fig. S14.

Smoke Particle Size Distribution

Before and after sample collection, the filters were weighed using a microbalance (Mettler Toledo XPR2) to determine the

mass of particles on each filter, and thus, their size distribution. Additionally, small-angle X-ray scattering (SAXS) was
performed on selected smoke samples (PF, WF, and BF) to confirm the presence of nanoparticles and quantify their dominant
size distributions. These samples were selected due to their high particle mass loadings, which provided sufficient material
for SAXS measurements. Data were collected using a laboratory-based Xenocs Xeuss 3.0 instrument (Grenoble, France)
equipped with a monochromatic Cu Ko X-ray source (A= 1.541891 A). Measurements were acquired at sample-to-detector
distances (s2d) of 50 and 370 mm using a Dectris Eiger2 R 1M detector (Baden-Daettwil, Switzerland). LaBs and silver
behenate standards (Sigma-Aldrich, Burlington, MA, USA) were used to calibrate the sample-to-detector distance and refine
detector alignment relative to the incident X-ray beam. Filter samples were cut into approximately 5 x 5 mm sections and
mounted onto indexed sample holders using tape. Due to the impactor disk configuration, particles were deposited along a
narrow line at the center of filters >2.5, 2.5-1.0, 1.0-0.50, and 0.50—0.25 um, whereas particles were more evenly distributed
across the filter <0.25 (fig. S14). For filters >2.5, 2.5-1.0, 1.0-0.50, and 0.50—0.25 pm samples were raster-scanned at 0.1
mm intervals with 0.1 s exposure times to identify regions with the highest particle loading, which were subsequently
selected for SAXS measurements. Background scattering was collected by translating the beam 1 mm to either side of the
sample region to measure scattering from the filter substrate alone. In all cases, background scattering was constant, and
only sample positions exhibited scattering profiles consistent with a particle size distribution. For filter <0.25 um, SAXS
measurements were performed directly on the sample regions, and background scattering was collected from two unused
filters. Each sample position was measured with an exposure time of 30 minutes per image. Data reduction and analysis
were performed using Irena (Ilavsky and Jemian, 2009) within Igor Pro 9 (WaveMetrics, Lake Oswego, OR, USA). To
examine the particle scattering independent of the scattering from larger aggregates, a power law was subtracted from the
data of the form I(q) = A*q"-P+C, where A is a scalar, P is an exponent, and C is the background. A and P were fit at low q
(0.002 to 0.003), and C was fit to high q (0.3 to 0.5). At values of P close to 4, this function approximates the scattering of
random aggregates much larger than the size range of interest. Values of P close to 2 for the < 0.25 um stages indicate a
significant scattering background due to correlations between the filter material and the powder.
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Wildfire Smoke Composition

The smoke samples collected on PTFE filters were totally digested in a microwave digester using a mixture of nitric acid
(HNOs, 67-70%), hydrochloric acid (HCI, 36-38%), and hydrofluoric acid (HF, 49%). All acids used were Optima-grade
reagents. The elemental composition of the digested samples was then analyzed using a Neptune XT multicollector
inductively coupled plasma mass spectrometer (MC-ICP-MS). In addition, the chemical composition of ambient PM..s at
each sampling location, spanning the period from before the wildfire start date through after our sampling date, was obtained
from the Federal Land Manager Environmental Database (FED), maintained by the National Park Service and the U.S.
Forest Service (71). We extracted daily, monitor-level chemical concentration data from the Environmental Protection
Agency’s PMz.s Chemical Speciation Network (CSN) and the Interagency Monitoring of Protected Visual Environments
(IMPROVE) program. Examining metal concentrations reported by national air monitoring networks, for the 10 wildfires,
metal levels remain persistent for days, with little fluctuation before and after our sample collection day (Figs. S15 and
S16). The locations and distances of each sensor to the wildfire and our sampling location are shown in fig. S13 and table
S2.

Geology Composition Index Model

To evaluate the influence of geology on wildfire smoke metal concentrations, we developed a Geology Composition Index
(GCI) for each fire based on the lithologic composition within the fire perimeter. Lithological units intersecting each wildfire
perimeter were obtained from the Cooperative National Geologic Map, and the fire perimeters were downloaded from the
National Interagency Fire Center. The corresponding acreage of each lithological unit within the fire perimeter was
calculated in ArcGIS (table S1). The geological maps for each sample location are shown in fig. S6.

Each lithological unit was assigned a relative metal-content score reflecting the typical abundance of transition metals in
major rock types. Scores were assigned according to the general geochemical enrichment of mafic and ultramafic lithologies
relative to felsic rocks. Felsic lithologies (e.g., granite, rhyolite) were assigned the lowest score (1). Felsic-to-intermediate
compositions (e.g., granodiorite and dacite) were assigned a score of 2.5. Intermediate lithologies (e.g., andesite, diorite)
were assigned a score of 4. Intermediate-to-mafic lithologies were assigned a score of 4.5, mafic lithologies (e.g., basalt,
gabbro) were assigned higher scores (5), and ultramafic lithologies (e.g., serpentinite) were assigned the highest score (5.5).
Geological units dominated by sedimentary or metasedimentary materials with low metal content, such as sandstone, were
assigned a lower baseline score (1), reflecting their typically lower concentrations of transition metals relative to mafic and
ultramafic lithologies. Metamorphic rocks were scored according to their protolith. For example, rocks derived from low-
metal compositions were assigned a score of 1, whereas rocks derived from mafic compositions were assigned a score of 5.
These assignments follow well-established global geochemical trends in which Fe, Cr, Ni, Ti, Mn, and other transition
metals increase systematically from felsic to ultramafic rocks (72-75). Because total metal concentrations in wildfire smoke
are strongly influenced by Fe, we ensured that these scores reflect the relative average concentration of Fe across different
rock types (75).

To ensure consistent classification across all fires, geological descriptions for each mapped unit were evaluated using a rule-
based text classification approach. Lithologic descriptions were parsed to identify diagnostic mineralogical and
compositional terms (e.g., granite, rhyolite, granodiorite, andesite, basalt, serpentinite, peridotite) and to identify
compositional ranges or mixed lithologies. Where geological descriptions contained multiple lithologies, dominance terms

9 ¢

(e.g., “mostly”, “primarily”, “dominantly”’) were used to weight the classification toward the dominant rock type.

The GCI for each wildfire was calculated as the acreage-weighted mean of the lithologic scores within the fire perimeter:

GCI=Zﬁ X S;
i

where S; is the assigned lithologic score for geological layer 7, and fi is the fractional area of that layer within the fire
perimeter. This approach produces a single fire-level index that represents the overall metal-enrichment potential of the
geological materials exposed within the burned area for each wildfire.

Morphology, size, and distribution of metal-bearing particles
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Scanning transmission electron microscopy (STEM) was used to examine the size, morphology, and elemental distribution
of smoke particles. Selected filters were cut and sonicated in ultrapure water (18.2 MQ) for 3-5 minutes. The temperature
was maintained below 25 °C by adding crushed ice throughout the sonication process. A droplet of the resulting suspension
was then deposited onto a lacy carbon TEM grid (Ted Pella) using a micropipette and allowed to air dry for 12 hours. An
additional droplet was deposited onto a silicon nitride TEM grid (Ted Pella) to map the organic particulates. STEM images
were acquired using a high-angle annular dark-field (HAADF) detector. Elemental maps were subsequently obtained with
a Thermo Fisher Spectra 300 monochromated, double-corrected STEM equipped with SuperX energy-dispersive X-ray
spectroscopy (EDS) detectors. The brightness and contrast of the images were linearly adjusted across each image to
minimize the signal-to-noise ratio of the mapped pixels.
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fig. S3. Power-law—subtracted SAXS profiles and corresponding fits (red lines). (A) Park Fire and (B) Boise Fire
samples. Average particle size was obtained from reciprocal-space fitting using a Guinier—Porod model, which refines an
effective size directly from the scattering pattern. Due to strong particle—particle and particle—filter correlations, a unique
real-space size distribution cannot be resolved; instead, the model yields a physically constrained average size that best
reproduces the observed intensity decay. Small deviations from this refined size lead to a clear mismatch between the model

and data, analogous to misfit in Rietveld refinement.
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fig. S6D. Simplified geological map of the fire perimeter for the sampled wildfire in Idaho.
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948 fig. S7. Relationship between metal concentrations (Cr, Ti, Ni, Mn, Fe, and Cu) and average PM:.s concentration
949  across all sampled wildfires.
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952  fig. S8. Relationship between total metal concentrations and average PM..s concentration across aerodynamic size
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955  fig. S9. Spearman rank correlations between the ratio of total metal to PM:.s and average PM..s concentration across
956  aerodynamic size fractions and bulk smoke for all wildfires (n =10). Values of Spearman’s p and corresponding p values
957  are shown in each panel. The red curve shows a monotonic smooth fit used only to visualize the overall negative trend.
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fig. S10. Scanning transmission electron microscopy (STEM) images and corresponding elemental maps of particles
collected on submicron impactor stages. (A) 0.50-0.25 um stage from the Park Fire, showing a large organic particle
surrounded by chain aggregates of organic nanoparticles, (B) <0.25 um stage from the Shelly Fire, showing aggregated
organic nanoparticles (C) <0.25 um stage from the Shelly Fire, showing spherical organic particles with diameters of a few
hundred nanometers (D) 0.50-0.25 pm stage from the Shelly Fire, showing Fe- and Cr-containing nanoparticles embedded

within an organic matrix.
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fig. S11. Temporal variation in smoke PM:.s concentrations for each wildfire, including wildfire start date, sampling
dates, and PM.:.s concentrations measured during sample collection. The figure shows that PM..s concentrations during
sampling were elevated relative to baseline conditions. PurpleAir data represent daily average PMz.s concentrations, whereas
measured PM..s values reflect averages over sample collection periods of up to 7 hours, which explains the differences

between the two on some sampling days. The PurpleAir sensor did not report any data from August 5—17 for the Middle

Fork Complex Fire.
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983  fig. S12. PM..s concentrations in wildfire smoke across sampled wildfires during sample collection, with AQI
984  categories indicated by color coding.
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987  fig. S13A. Smoke plume extent over sampling locations for sampled wildfires in southern California. Fire perimeters
988  and smoke plume density are shown relative to sampling locations, demonstrating that samples were collected while the
989  sites were within active smoke plumes. Locations of PurpleAir sensors used to guide sample-site selection, as well as nearby

990  CSN and IMPROVE monitoring stations, are shown.
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fig. S13C. Smoke plume extent over sampling locations for sampled wildfires in Oregon.
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996  fig. S13D. Smoke plume extent over sampling locations for sampled wildfires in Idaho.
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fig. S14. Photographs of smoke particles collected on filters for selected wildfires. Particles are deposited as a line
after passing through the narrow slit of each impactor stage. The remaining particles are collected on the final collection
stage (<0.25 um), which has a different configuration. From right to left, particle loading on the filters increases with
decreasing aecrodynamic diameter range. Filters corresponding to >2.5, 2.5-1.0, 1.0-0.50, and 0.50—0.25 um stages are
shown mounted on their impactor disks, whereas the <0.25 um collection filter is removed from the impactor for clearer

visualization.
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fig. S15. Temporal variation in total metal concentrations for each wildfire before and after the sample collection
date (indicated by a blue star). Total metal includes Cr, Ti, Ni, Mn, Fe, and Cu. Other metals were excluded because of
their extremely low concentration in our collected samples. No data were reported for the six days following the sample

collection date for the Park Fire.
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011 fig. S16. Temporal distribution of smoke metal content for each wildfire (n = 10) before and after the sample collection
012  date (day 0). The actual dates are provided in fig. S15. Error bars represent standard error, where available, and are shown
013  only when the lower bound remained positive (SE > 0) and the measured value was >1 ng m3; points are shown for all
014  measurements.
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016

table S1. Geological classification, layer scoring, and acreage used to compute the Geology Composition Index for each wildfire.

Wildfire Geology Layer
Geologic Layers classification | Scores | Layer Acres | Total Fire Acres | Geological Composition Score
Felsic to
Granites and Granodiorite intermediate 2.5 6539
Boise Sedimentary 12912 1.96
Sedimentary rocks, sandstone and mudstone low metal 1.0 5802
Serpentinite Ultramafic 5.5 571
Felsic to
Coffee Pot Granite and granodiorite mtermedlat'e 2.5 12061 14103 298
Metamorphic
Metamorphic rocks, slate and quartzite low metal 1.0 2042
Basalt and basaltic andesite Mafic 5.0 5284
Intermediate
Diamond Volcanic rocks to. mafic 4.5 3620 11047 406
Sedimentary
Glacial till, gravel and sand low metal 1.0 1094
Rhyolite Felsic 1.0 1049
Felsic to
Granite and granodiorite intermediate 2.5 6387
Fresno June Lightning Gabbro Mafic 5.0 2400 10640 3.36
Metavolcanic rocks, latite and dacite Intermediate 4.0 1581
Serpentinite Ultramafic 5.5 272
Sedimentary
Sedimentary rocks, sandstone and mudstone low metal 1.0 32154
Lake Serpentinite Ultramafic 5.5 6270 38612 175
Metavolcanic rocks, andesite, rhyolite, and greenstone | Intermediate 4.0 188
Felsic to
Granodiorite intermediate 2.5 134618
Sedimentary
Middle Fork Alluvial sediment low metal 1.0 130 136017 2.48
Sedimentary
Glacial till, gravel and sand low metal 1.0 1240
Water and ice Water/Ice - 29
Sedimentary
Pyroclastic and mudflow deposits low metal 1.0 411907
Sedimentary
Park Sedimentary rocks, sandstone and mudstone low metal 1.0 7165 429602 1.07
Intermediate
Volcanic rocks to mafic 4.5 8041
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017
018
019
020
021
022
023
024
025
026
027
028
029
030
031
032
033
034

Metamorphic

Metamorphic rocks, slate and quartzite low metal 1.0 1428
Metavolcanic rocks, latite and dacite Intermediate 4.0 938
Alluvial sediment Sedimentary 12
low metal 1.0
Intrusive rocks, greenstone, diabase Mafic 5.0 111
Intermediate
Red Volcanic rocks tO. mafic 4.5 1818 2994 313
Sedimentary
Glacial till, gravel and sand low metal 1.0 1176
Metavolcanic rocks, latite and dacite Intermediate 4.0 7656
Sedimentary
Shelly Sedimentary rocks, sandstone and mudstone low metal 1.0 5845 15520 2.68
Felsic to
Granite and granodiorite intermediate 2.5 2019
Felsic to
Granodiorite intermediate 2.5 89977
Sedimentary 710
Pyroclastic and mudflow deposits low metal 1
Wapiti Sedimentary 4125 129062 2.05
Alluvial sediment low metal 1
Sedimentary
Glacial till, gravel and sand low metal 1.0 34238
Water and ice Water/Ice - 12

table S2. Summary information for the wildfires from which smoke samples were collected.
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Wildfire

State

Fire center
coordinates
(latitude,

longitude)

Date

Time

Sampling location
distance from the

wildfire center (km)

Speciation sensor
distance from the

wildfire center (km)

Vegetation

Lake Fire

California

34.759087
-120.017936

10/07/24

9:05 AM-1:25 PM

11.0

109.3

Forest-Mixed
Evergreen (6.9 %)
Shrubland/Chaparral
(59.3 %)
Grassland/Herbaceous
(30.3 %)

Other (3.57 %)

Coffee Pot Fire

California

36.381688
-118.764446

02/09/24

8:25 AM- 8:55
AM
12:30 PM - 17:35
PM

13.5

15.6

77.2

Forest-Mixed Conifer
(48.2 %)
Forest-Mixed Oak
(27.0 %)
Forest-Conifer (8.5 %)
Shrubland/Chaparral
(8.3 %)
Grassland/Herbaceous
(6.3 %)

Other (1.7 %)

Fresno June
Lightning
Complex Fire

California

36.789497
-119.319469

27/06/24

2:15PM - 5:15
PM

37.8

40.1

Grassland/Herbaceous
(89.2 %)
Other (10.8 %)

Boise Fire

California

41.244616
-123.496158

12/8/24

9:10 AM —15:50
PM

14.5

77.2

Forest-Mixed
Evergreen (55.2 %)
Forest-Mixed Conifer
(34.85 %)
Other (9.97 %)

Shelly Fire

California

41.491229
-123.006073

17/07/24

7:00 AM — 12:40
PM

43

80.7

Forest-Mixed Conifer
(69.0 %)
Forest-Conifer (9.0 %)
Shrubland/Chaparral
(8.9 %)

Other (13.2 %)
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035

Park Fire

California

40.082734
-121.749638

24/07/24

8:10 AM —2:45
PM

65.0

53.2

Forest-Mixed Conifer
(20. 6 %)
Forest-Mixed Oak (8.1
%)
Forest-Conifer (6.3 %)
Shrubland/Chaparral
(22.8 %)
Grassland/Herbaceous

(36.7 %)

Dimond
Complex Fire

Oregon

43.268384
-122.301316

02/08/24

8:25AM - 16:10
PM

18.1

116.0

Forest-Conifer (88.8
%)
Other (11.2 %)

Red Fire

Oregon

43.491588
-122.034013

03/08/24

8:10 AM - 1:40
PM

28.3

89.2

Forest-Conifer (92.7
%)
Other (7.3 %)

Middle Fork
Complex Fire

Idaho

44.386634
-115.743022

26/08/24

7:25 AM - 12:25
PM

37.5

100.0

Forest-Conifer (53.2
%)
Forest-Mixed Conifer
(24.8 %)
Shrubland/Chaparral
(10.7 %)
Grassland/Herbaceous
(7.9 %)

Other (3.5 %)

Wapiti Fire

Idaho

44.25896
-115.160892

27/08/24

7:05 AM - 12:30
PM

2.5

156.4

Forest-Conifer (53.2
%0)
Shrubland/Chaparral
(19.8 %)
Grassland/Herbaceous
(8.1 %)
Barren/Rock (12.4 %)
Other (6.5 %)
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