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1. Meta(loids) in Vegetation and Structural Materials

Metal(loid)s accumulate preferentially in vegetation and are widely used in structural materials.
Depending on plant species, a typical plant contains on dry weight basis 100 (range: 50 to 1000) mg kg™
Fe, 50 (20 to 200) mg kg™ Mn, 20 (10-100) mg kg™ Zn, and 6 (2-100) mg kg Cu *. Another study reported
that plants contain 196 (97 to 422) mg kg™ Si, 106 (25 to 355) mg kg™ Al, 75 (37 to 443) mg kg™ Fe, 32
(13 to 205) mg kg Zn, 29 (3 to 81) mg kg™ Ba, 5 (2 to 8) mg kg™ Cu, <0.2 mg kg™ Cr, <0.2 mg kg™ As,
and 0.042 (0.1 to 4) mg kg™ Pb 2 Nonetheless, metal(loid) concentrations vary significantly among different
plant species due to differences in the accumulative capacity of different vegetation species, taking up
distinct levels of elements from the soil and surrounding environment . Metal(loid)s stored in plant tissue
could potentially form metal-bearing incidental nanomaterials (INMs) during the combustion of plant
material.

Furthermore, metal(loid)s in various forms —bulk, pigments (100-300 nm), and nanomaterials (1-100
nm)— are widely used in the urban environment including human-made structures, vehicles, paints, and
coatings. For instance, TiO,, is widely used as a white pigment in paints and coatings °. The global
consumption of TiO2, mainly as pigments, is estimated to be 6.1 million metric tons in 2016 and is projected
to reach 8.8 million metric tons by 2025 ®, with major uses in architectural and industrial paints and coatings
(60%), plastic (28%), paper, (5%), and other applications (7%) ° °. Iron oxides are also widely used as
pigment in paints, coatings, and construction material such as concrete products, mortar, paving stones, and
roofing tiles. Iron oxide pigments are used as colorants for ceramic glazes, glass, paper, plastic, rubber, and
textiles and in cosmetics and magnetic ink toner ’. The total consumption of iron oxide pigments in the
United States was approximately 200,000 tons in 2020 & Chromated copper arsenate (CCA, CrOs, CuO,
and As,0s) was widely used as a wood preservative or in pesticides since the 1940s **: the use of CCA-
treated wood in residential construction in the U.S. was greatly reduced starting in late 2003 based on a
voluntary agreement by manufacturers *°. Many other metal(loid)s are also used as pigments and fillers in
paints and coatings including Fe oxides, BaO, Al;Os, SiO,, ZnO, CaCOs3, and aluminum silicates.

In addition to the use of pure metal-bearing particles as pigments, metal alloys (mixtures of metals with
metals or other elements at specific ratios) are also widely used in a variety of applications because they
offer better durability, strength, and corrosion resistance compared to the pure metals 7. An alloy is
distinct from an impure metal in that the added elements are well controlled to produce desirable properties.
In contrast, the composition of impure metals is less controlled. Stainless steel is an iron (74-90%) alloy
with Cr (10-20%), Mo, V, or Ni (5-15%), which is widely used in household appliances such as refrigerators
and gas stoves, cookware cutlery, surgical instruments. Bronze is a copper (85-88%)-tin (12-25%) alloy,
and brass is a copper (66.6%)-zinc (33.3%) alloy; bronze and brass are widely used in construction material,
home decoration, and automobiles. Aluminum alloys are made by combining aluminum (99%) with small
amounts (1%) of elements such as Mn, Cu, Mg, Si, Zn and Co. Several hundred different aluminum alloys
exist and are used in a wide range of applications including automobiles, airplanes, medical equipment,
consumer products, wiring, and electronics. Copper (70-90%)-nickel (10-30%) alloys are effective
electrical conductors, corrosion resistant, and have a high tensile strength. They are commonly used in
electronics, batteries, relays, solder frames, marine applications, and oil and gas pipelines. Tin (90-99%)-
Sb (1-10%) alloys are used in bearing assembly, casting, and step soldering, a common method for making
printed circuit board assemblies. Lead (90-99%)-Sb (1-10%) alloys used in bearings, step soldering, and
storage-battery plates 8. Lead (67%)-Sn (33%) alloys are/were widely used in solder .. The alloy
compositions summarized above can vary significantly and many other compositions are available on the
market and are documented in the literature **7,

Fire at the WUI transforms fuels (i.e., vegetation, soil organic matter, and construction material) into
materials with different chemical and physical properties, including ash, black carbon, methane, carbon
monoxide, and carbon dioxide *°. Ash is the particulate residue after fire that remains in situ, is transported
in air, or is deposited on the ground, and consists of minerals and charred organic materials *°. The quantity,
elemental composition, and properties of ash produced during a fire depend on burned fuel and combustion
completeness . Ash formed at low combustion temperatures (e.g., < 450 °C) are rich in organic carbon
and are thus black, whereas ashes formed at high combustion temperatures (e.g., > 450 °C) are rich in
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inorganic minerals such as calcium, magnesium, sodium, potassium, silicon, and phosphorus, mostly
carbonates ?%, Ashes formed at higher combustion temperatures (e.g., > 850 °C) contain mainly inorganic

oxides °.

2. Materials and Methods
2.1.Study Sites

Table S1. Description of ashes collected following the 2020 fire season.

Sample numsbiTEIsid in
label for previous Sampling date Ash Source Sample description
this study studies
. Burned chaparral (charred manzanita and some
Al A3l 10/8/2020 Vegetation pine) site on gentle slopes; serpentinite unit
A2 A8l 10/8/2020 Vegetation Burned oak, white ash with some black ash;
bedrock undetermined
A3 AD Atmospherlc Ash deposited on a car windshield
deposition
Ad A92 10/15/2020 Structure Red soil - artificial wood from deck
A5 A122 10/15/2020 Structure Studio - some burned paint (acrylic and
watercolor) blues, yellow, red
A6 Al24 10/15/2020 Structure Shed - house paint, some wires
A7 A13 10/7/2020 Vehicle Burned trailer - south end
A8 A131 10/16/2020 Structure/vehicle Burned barn - redwg%d\'/v?fe"’a”'zed steel, tires,
. Burned tool storage shed - tires, white & black
A9 A132 10/16/2020 Structure/vehicle ash, misc. bags & containers

Ash name used in previous studies

20.24 is provided for ease of comparison. All samples collected in LNU

Lightning Complex fire area except A3 (North Complex Fire > %, located between Quincy and Oroville,
California, approximately 100 km northeast of LNU Lightning Complex Fire).
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2.2.Bulk metal concentration

One hundred mg of each sample was weighed into a polytetrafluoroethylene (PTFE) digestion vessel.
Digestion reagents were added in the following order: 9 ml of distilled HNO3, 3 ml of distilled HF, and 2
ml of H>O,. The acid digestion was performed in a Multiwave microwave (Multiwave Pro, Anton Paar,
Graz, Austria) at a constant power of 1500 W for 60 minutes, preceded by a 15-minute ramping time to
reach the desired power. The digestate was then evaporated in two steps using the same microwave system
to remove non-reacted HF. The first evaporation was performed with 10 minutes of ramping time followed
by 9 minutes of holding time at 1500 W. Then, 3 ml of distilled HNOz were added into the vessel to dissolve
any insoluble fluoride salts. The second evaporation was performed with 10 minutes of ramping time
followed by 3 minutes of holding time at 1500 W. The digested samples were then diluted in 10% HNO3
(trace metal grade, Fisher Chemical, Fair Lawn, New Jersey, USA) and stored until total metal analysis.

Total metal concentrations were determined using an inductively coupled plasma-time of flight-mass
spectrometer (ICP-TOF-MS, TOFWERK, Switzerland). Mass spectra calibration and routine tuning were
performed prior to analysis every day to achieve maximum sensitivity. Elemental concentration calibration
was established using a series of ionic standards prepared in 1% HNO3; from commercially available ICP
multi-element standards (BDH Chemicals, Radnor, Pennsylvania, USA). Internal standards (ICP Internal
Element Group Calibration Standard, BDH Chemicals, Radnor, Pennsylvania, USA) were applied to
monitor signal drift for quality control. The instrument operating conditions are presented in Table S2, and
the monitored isotopes are listed in Table S3. Dissolved multi-element standards were prepared in 1%
HNO;3; from commercially available ICP standards (BDH Chemicals, Radnor, Pennsylvania, USA), with
concentrations ranging from 0.001 to 100 ug L™ Internal standards (ICP Internal Element Group
Calibration Standard, BDH Chemicals, Radnor, Pennsylvania, USA) were monitored simultaneously for
quality control. All isotopes were analyzed in collision mode with a helium and hydrogen gas mixture.

2.3.Cloud point extraction of incidental nanomaterials

Nanomaterials were extracted from ashes using cloud point extraction following the protocol described
elsewhere . Briefly, 100 mg of each ash sample were suspended in 10 mL 0.2% (by weight) FL-70
surfactant in 15 mL acid-washed centrifuge tubes, followed by overhead rotation for 2 hours at 40 rpm
(Mark and Model), 60 minutes batch sonication with ice water (Branson 2800, 40 kHz, Danbury,
Connecticut, USA) to disperse NNMs, and centrifugation at 1,000 g for 2 minutes (Eppendorf, 5810R,
Hamburg, Germany) to obtain < 1 pm particle fraction (assuming natural particle density of 2.5 g cm™).
The top 7 mL supernatant was transferred into acid-washed 15 mL centrifuge tubes. Then an additional
surfactant, Triton X-114, and NaCl were added to the extract to achieve a final concentration of 0.2% and
1 mM, respectively. The mixture was then heated at 50 °C for 1 hour to form micelles. The suspension was
centrifuged at 1000 g for 5 minutes to create 2 phases: a surfactant-enriched phase containing the NMs and
water phase containing the ions. The surfactant-enriched phase containing NMs was separated and
refrigerated at or below 4 °C before single particle (SP)-ICP-TOF-MS analysis. The theoretical size of the
extracted fractions corresponds to particles < 1000 nm for natural particles (assuming a density of 2.5 g cm’
%). All samples were bath sonicated again for 15 min and were diluted by a factor of 100,000 prior to SP-
ICP-TOF-MS analysis to avoid coincidence and eliminate dissolved background.



Table S2. Operating conditions for inductively coupled plasma-time of flight-mass spectrometer (ICP-
TOF-MS) analysis for conventional (dissolved metal concentration) and single particle analysis modes.

Ig\as:;ﬂqrzte:rt Total concentration analysis Single particle analysis
Plasma Power 1550 W 1550 W
Nebulizer Gas Flow 1.10-1.14 L/min 1.10-1.14 L/min
Auxiliary Gas Flow 0.8 L/min 0.8 L/min
Cooling Gas Flow 14 L/min 14 L/min
Injector Diameter 2.5 mm 2.5mm
Collision Cell Gas 5 mL/min He with 4.5% H, 5 mL/min He with 4.5% H;
CCT Bias -2.00 to -4.00 V -2.00 to -4.00 V
Mass 29 | 32 | 36.3 | 41 Mass 29 |32 ]363| 41
Notch Amplitude Amplitude
V) 16 | 20 | 20 |12 V) 16 (20| 20 | 1.2
TOF Repetition Rate 33 kHz 33 kHz
Detected Mass 14-275 m/Z 14-275 m/Z
Range
(CeQICe) <4.0% <3.0%
Data Acquisition Continuous Mode Continuous Mode
TOF Time
Resolution bl U
Integration Time 0.3s 2 ms
Acquisition Time 60 s 200-300 s
Sample Flow Rate - 0.455 mL/min

Transport Efficiency

6.6% (5-7%)




Table S3. Elements monitored for single particle-inductively coupled plasma-time of flight-mass

spectrometer (SP-ICP-TOF-MS) analysis and the corresponding particle mass and size detection limits.

Size detection limit

Size detection limit

El Mass detection . . Metal oxide
ement Isotope limit (g) (nm, assuming pure (nm, assuming pure form
metallic particle) metal oxide particle)
Al 2TAl 1.72-1.94 x 10 230-239 250-261 Al203
Si Asi 7.82-8.90 x 1014 400-418 494-516 SiO2
Ti BT 6.69-7.15 x 1016 66-67 80-81 TiOz
vV Sy 4.49-4.74 x 1016 52-53 77-78 V205
Cr 52Cr 4.21-4.54 x 1016 48-49 61-62 Cr20s3
Mn 55Mn 2.83-2.92 x 1016 42-43 55-56 MnOz
Fe 5Fe 4.30-4.96 x 1016 47-48 61-64 Fe20s3
Co %Co 2.59-2.64 x 1016 38 48 Co304
Ni 5ONi 1.05-1.06 x 1015 61 73 NiO
Cu %5Cu 8.27-8.49 x 1016 56-57 68-69 CuO
Zn %67n 1.12-1.21 x 10°%® 67-69 78-80 Zn0
As SAs 1.65-1.70 x 1015 82-83 104-105 As20s
Zr 0Zr 3.74-3.98 x 1016 48-49 55-57 ZrO2
Nb SNb 1.40-1.44 x 1016 31-32 43 Nb20s
Sn 12051 3.12-3.22 x 106 43-44 48 SnOz
Sh 1215h 2.68-2.71 x 1016 42-43 49 Sh203
Ba 1%Ba 1.07-1.68 x 1016 37-45 33-40 BaO
La 139 a 7.05-7.19 x 107 28 29 La203
Ce 140Ce 8.51-8.90 x 107 29 31-30 CeO2
Pr 41pr 6.00-6.10 x 107 26 28 PreOu1
Nd 142Nd 1.70-1.76 x 1016 36 37-38 Nd203
Gd 158Gd 2.89-2.90 x 1016 41 44 Gd20s
Dy 14Dy 2.01-2.02 x 1016 36 38 Dy»03
Ho 15Hg 5.79-5.80 x 107 23 25 H0203
Er 166y 1.84-1.85 x 1016 34 36 ErOs
Hf 180Hf 2.03-2.05 x 1016 31 36 HfO2
Ta 81Ta 1.54-1.55 x 1016 26 35 Ta20s
w 8w 4.14-4.15 x 106 35 44 WO,
Pb 208pp 1.52-1.84 x 1016 29-31 32-34 PbO
Th 22Th 8.28-8.29 x 107 24 26 ThOz
U 28y 8.01-8.09 x 107 20 25 uo;

Particle mass detection limit is calculated according to the Poisson distribution = Massgetection 1imit =

3.29,/background signal + 2.71. The mass detection limit is calculated based on the element
background signal in the samples. The DL for each element varied within a narrow range between the
different samples due to the significant dilution (100,000 folds) of the samples.

Size detection limit is calculated as the equivalent spherical diameter from the particle mass detection limit

assuming pure metal and metal oxide phases.




3. Results and Discussion

3.1.Single Particle Elemental Composition

a) Total Count of Particles D) single-metal NP Count C) Multi-metal NP Count
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Figure S2. (a-c) Number of particles detected and (d-f) calculated particle number concentration (NM g)
in wildland-urban interface fire ashes using single particle-time of flight-mass spectrometer: (a and d) total,
(b and e) single metal nanomaterials (smNM), (c and f) multi-metal nanomaterials (mmNMs) in fire ashes
at the wildland-urban interface (WUI). Al and A2 are vegetations ashes, A3 is an atmospheric deposition
ash, A4, A5, and A6 are structural ashes, and A7 is a vehicle ash, and A8 and A9 are mixed structural and
vehicle ashes.



3.2. Multi Metal Nanomaterial Clusters

The most dominant mmNM clusters were FeMnZn, FeMn, TiFeZn, AlFeZn, MnFeZn, and CrFeMn.
These clusters are described in more detail in this section.

Fe-rich mmNM clusters. The FeMnZn cluster accounts for 77-95% of mmNMSs in vegetation and
structural ashes (A1, A2, and A4) and < 21% of mmNMs in all other ashes (Figure 1b). The FeMn cluster
accounts for 91% of all mmNM in the atmospheric deposition ash. Fe accounts for 65 to 80% of the total
elemental mass of mmNMs in the FeMnZn cluster, whereas Mn accounts for 1-19%. In contrast, Fe and
Mn account for nearly 50% each of the total elemental mass of mmNMs in the FeMn cluster. Additionally,
elements such as Zn, Ti, Pb, Cr, and Cu are detected in the FeMnZn cluster. These observations demonstrate
a contribution of anthropogenic NMs to the FeMnZn clusters.

Ti-rich mmNM cluster. The TiFeZn cluster accounts for 2 to 8% of mmNMs in vegetation, 0%
mmNMs in the atmospheric deposition ashes, 19 to 62% of mmNMs in structural ashes, and 4 to 39% of
mmNMs in vehicle ashes. Ti accounts for 63 to 94% of mmNM masses, whereas Fe accounts for 1 to 36%
of mmNM masses. The elemental ratios of Ti/Fe are generally higher than the natural ratios *® in all samples;
Ti/Fe ratios highest in vehicle ashes (median: 7.2 to 17.2, range: 0.5 to 370) and lowest in vegetation ashes
(median: 1.5, range: 0.4 to 117); Ti/Fe ratios in structural ashes ranged from 0.4 to 1024 with a median
Ti/Fe from 2.6 to 7.7. These values are higher than the average crustal Ti/Fe ratio 2" and Ti/Fe ration in
natural mmNMs %. Additionally, mmNMs within the TiFeZn cluster contain Zn, Pb, and Cr, indicating an
anthropogenic INM contribution.

Al-rich mmNM cluster. The AlFeZn cluster accounts for 1 to 57% of mmNMs in structural ashes, 6 to
35% of mmNMs in vehicle ashes, and 0 to 9% in vegetation and atmospheric deposition ashes. The
elemental ratios of Al/Fe are higher in the structural and vegetation ashes (1 to 200 with a median of 12 to
23) than in the vegetation and atmospheric deposition ashes (0.05 to 15 with a median of 2.0 to 4.0). The
latter is close to the average cluster Al/Fe ratio #. Additionally, the AlZnFe cluster contains Zn, Ti, Pb, Cr,
and Cu which indicates an anthropogenic INM contribution.

Mn-rich mmNM cluster. The MnFeZn cluster accounts for 46% of all mmNMs in one of the vehicle
ashes (A9) and <2% of all mmNMs in all other ashes. Multi-metal NMs within the MnFeZn cluster are
associated with Zn, Pb, Cu, Ni, Co, Sn, and Cr, which indicates an anthropogenic origin of this cluster,
most likely from vehicle components such as brake pads %,

Cr-rich mmNM cluster. The CrFeMn cluster accounts for 12% of all mmNMs in one of the structural
ashes (A6) and < 1% in all other samples. Multi-metal NMs within the CrFeMn cluster are associated with
Fe, Mn, Cu, Zn, Pb, Ti, Sh, Al, and Ba, with Cr, Mn, Fe, Cu, and Zn accounting for 65 to 84%, <24%,
<21%, < 16%, and <11% of the mass of mmNMs within the CrFeMn cluster, respectively. The CrFeMn
cluster is most likely comprised of heteroaggregates of multiple smNMs and mmNMs. All other mmNM
clusters account for a small fraction of all mMmNMSs within the ash samples.
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transmission electron microscopy (TEM) coupled with energy dispersive spectroscopy (EDS).



Table S4. Overall aggregate elemental compositions and ratios obtained on INM aggregates by transmission electron microscopy (TEM) coupled

with energy dispersive spectroscopy (EDS).

Sample Aggregate C N (o] Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Co Zn Pb Ti/Fe Al/Fe Cr/Fe Zn/Fe Zn/Ti
Vegetation 7299 nd | 275 05 @ 108 11 24 11 0.4 0.1 17 | 245 0.1 nd 05 0.7 nd nd nd ~ 02 | 04 | 00 | 00 0.0
Atmospheric deposition " 169 nd 7 279 01 7 83 " 18 2.0 3.0 0.8 0.2 31 7 347 0.1 nd 13 0.5 0.1 nd nd 0.2 3.7 00 7 00 0.0
Structure " 163 nd 7 201 02 7 31 7 a9 127 11 05 07 01 7 24 22 5.0 nd 63 0.1 0.2 03 0.8 10.8 02 0.0 02
Vehicle " 401 nd 7 227 16 25 " a0 1238 03 07 02 17 7 57 62 nd 11 0.9 nd 7 10 nd 6.6 38 0.0 09 038
Vehicle/structure " 198 nd " 276 12 7 15 7 62 142 06 22 03 09 " 75 05 nd nd 10 nd " 175 nd 07 85 00 " 265 84.7
AL 1 21.08 nd 3342 002 2652 nd 079 029 0.40 0.09 048 1645 nd nd nd 0.47 nd nd nd 0.0 0.0 0.0 0.0 0.0
Al 2 29.18 nd 28.53 nd 20.68 nd 0.45 111 0.21 nd 047 1898  0.09 nd nd 0.29 nd nd nd 03 0.0 0.0 0.0 0.0
AL 3 35.87 nd 26.47 nd 1738 051 1.10 0.48 0.40 nd 08 1545 nd nd nd 1.50 nd nd nd 0.0 03 0.0 0.0 0.0
A1 5 36.79 nd 25.83 nd 1719 017 161 0.61 0.94 nd 102 1515 nd nd nd 0.70 nd nd nd 0.0 02 0.0 0.0 0.0
Al 6 22.27 nd 275 nd 7.14 nd 112 0.20 nd nd 025 2626 nd nd nd nd nd nd nd 0.0 0.0 0.0 0.0 0.0
A2 1 43.81 nd 2.23 nd 411 nd 0.88 0.14 0.23 nd 019 2784 009 nd 0.32 0.15 nd nd nd 06 0.0 0.0 0.0 0.0
A2 2 24.42 nd 2933 066 261 518 1945 008 0.30 nd 8.87 6.44 nd nd nd 267 nd nd nd 0.0 1.9 0.0 0.0 0.0
A2 3 47.95 nd 21.49 nd 3.20 0.25 0.60 0.66 0.24 nd 029 2461 011 nd 0.23 037 nd nd nd 03 07 0.0 0.0 0.0
A2 4 16.69 nd 3416  0.80 7.83 0.16 0.23 437 0.30 nd 188 3232 013 nd 0.89 0.23 nd nd nd 06 07 0.0 0.0 0.0
A2 5 14.21 nd 2824 044 7.51 nd 036 371 0.45 017 362 4031 008 nd 0.59 031 nd nd nd 03 0.0 0.0 0.0 0.0
A2 6 16.09 nd 29.68 nd 4.08 035 0.25 0.96 0.25 nd 067 4619 018 nd 0.64 0.66 nd nd nd 03 05 0.0 0.0 0.0
A3 1 25.69 nd 2931 006 373 1.58 5.51 123 0.30 nd 207 2937 010 nd 0.53 0.53 nd nd nd 0.2 3.0 0.0 0.0 0.0
A3 4 15.35 nd 27.57 nd 9.80 0.28 0.13 122 0.58 nd 087 418 004 nd 1.87 0.40 nd nd nd 01 07 0.0 0.0 0.0
A3 5 9.90 nd 2355 010 1802 087 172 5.94 0.65 022 1060 2683 nd nd 124 0.36 nd nd nd 0.0 24 0.0 0.0 0.0
A3 6 17.93 nd 28.68 nd 5.67 4.03 nd 233 133 nd 075 3811 016 nd 0.44 0.43 013 nd nd 0.4 9.4 0.0 0.0 0.0
A3 7 15.83 nd 30.33 nd 4.24 227 0.63 4.04 1.28 nd 109 3713 008 nd 2.30 078 nd nd nd 01 29 0.0 0.0 0.0
A5 4 13.90 nd 2035 017 073 974 1859 nd 0.72 0.25 008 2524 084 nd nd 0.39 nd nd nd 22 25.0 0.0 0.0 0.0
A5 5 24.95 nd 2925 nd 0.83 660 1433 013 0.18 058 009 2226 028 nd nd 037 0.14 nd nd 038 17.8 0.0 0.0 0.0
A5 6 12.13 nd 2757 020 417 3.09 6.52 2.09 0.69 114 nd 30.76 019 5.02 nd 6.00 nd 0.15 0.28 0.0 05 038 0.0 038
A6 1 14.20 nd 3020 036 6.63 035 1122 nd nd nd nd 1116 731 nd nd 18.56 nd nd nd 04 0.0 0.0 0.0 0.0
A7 1 22.20 nd 26.37 nd 4.83 28 1135 048 0.72 nd 071 1322 1424 nd 1.05 0.87 nd 1.05 nd 16.4 33 0.0 12 0.1
A7 2 16.92 nd 3351 2.69 1.94 785 2283 030 0.48 nd 3.55 2.59 4.28 nd nd 135 nd 172 nd 32 5.8 0.0 13 0.4
A7 3 81.10 nd 8.10 0.41 0.69 131 4.15 0.22 0.82 0.19 0.80 132 0.10 nd nd 0.59 nd 0.19 nd 02 22 0.0 03 19
A8 1 35.75 nd 25.96 nd 4.49 591 2061 012 0.40 0.03 0.50 0.9 0.11 nd nd 112 nd 4.01 nd 0.1 53 0.0 36 36.5
A8 2 873 nd 3431 nd 033 1203 2510 015 0.72 nd 1.09 3.02 0.50 nd nd 0.82 nd 13.20 nd 06 14.7 0.0 16.1 26.4
A8 1 1111 nd 35.75 nd 099 1057 2206 014 2.07 nd 0.52 4.23 0.84 nd nd 0.74 nd 11.00 nd 11 143 0.0 14.9 13.1
A8 12 16.92 nd 34.96 nd 0.77 717 1493 015 1.86 nd 035 1179 012 nd nd 0.52 nd 10.45 nd 02 13.8 0.0 20.1 87.1
A9 1 28 057 2827 173 111 431 9.14 1.30 2.56 0.25 0.81 9.86 nd nd nd 3.82 nd 13.45 nd 0.0 11 0.0 35 o
A9 2 19.57 nd 2187 069 193 4.05 9.36 0.17 154 0.47 039 1040 144 nd nd 0.62 nd 27.50 nd 23 65 0.0 44.4 19.1
A9 3 30.18 nd 20.56 nd 0.59 457 1024 026 213 0.36 1.62 6.06 0.14 nd nd 0.55 nd 22.75 nd 03 83 0.0 44 1625
A9 4 23.07 nd 23.65 nd 259 3.80 7.76 2.97 6.61 0.63 130 2013 09 nd nd 0.65 nd 5.88 nd 15 5.8 0.0 9.0 6.1
A9 5 10.04 nd 264 nd 037 3.62 8.17 031 1.58 0.21 1.95 142 0.15 nd nd 0.57 nd 48.99 nd 03 6.4 0.0 859 3266
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Table S5. Transmission electron microscopy (TEM) data for aggregates and metallic INMs in all ash samples except A4.

Aggregates Aggregates ) .
Ash  Ash source analyzed with INMs Non-INM components INM type INM sizes
Al Vegetation 6 0 Ca-carbonate None N/A
A2 Vegetation 6 0 Ca-carbonate None N/A
A3 Atmos_p_herlc 6 1 Al K-silicates; Ca- Rare Mn N/A
Deposition carbonates
AS Structure 4 4 Al ,Mg,Ca-silicates; Ca- Abundant TI; occasional Ti: 40 to 250 nm (n = 18)
carbonates Cr, Fe, Cu; rare Pb
Cr: 180 to 270 nm (n = 3)
Fe: 190 to 270 nm (n = 2)
Cu: 10to 50 nm (n = 13)
A6 Structure 1 1 Mg-silicates; Ca-carbonates Abungjant Ti, Fe; Ti: 190 to 440 nm (n = 13)
occasional Cr, Cu
Fe: 280 to 1070 nm (n = 6)
Cr:90t0140nm (n=2)
A7 Vehicle 3 3 Al-silicates; _Ca—carbonates; Abundant Ti, Zn(+Cu+Fe); Ti: 80 to 490 nm (n = 18)
C (turbostratic) rare Mn
Zn(+Cu+Fe): 120nm (n=1)
A8 Structure/Vehicle 7 7 AI—S|I|cate_s; Ca-sulfates; C Abundant Ti, Zn Ti: 50 to 480 nm (n = 17)
(turbostratic)
Zn: 50 to 250 nm (n = 17)
A9 Structure/Vehicle 5 5 Al-silicates; Ca-sulfates; C ~ Abundant Ti, Fe, Zn(+Cu) Ti: 140t0 300 nm (n=7)

Fe: <50 nm (many)
Zn(+Cu): 70 to 450 nm (n = 13)
and < 50 nm (many)

N/A: not applicable
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Figure S8. Particle size distribution of (a-c) Ti-bearing INMs, (d-f) Fe-bearing INMs, (g-i) Zn-bearing, and
(j-1) Cr-bearing INMs, (m-0) Ba-bearing INMs, and (p-r) Pb-bearing INMs in (a, d, g, j, m, p) vegetation
and atmospheric deposition ashes, (b, €, h, k, n, q) structural ashes, and (c, f, i, I, 0, r) vehicle ashes.
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