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• Metal and metalloid concentrations in 
WUI fire ash were determined. 

• The composition and size of incidental 
nanomaterial in WUI fire ash were 
determined. 

• Fire ash contain high metal and metal
loid concentrations in the form of inci
dental nanomaterials. 

• Ti, Cu, Fe, Zn, Mn, Pb, and Cr-bearing 
INMs were detected in WUI fire ash. 

• Incidental nanomaterial sizes varied 
from < 50 nm to a few hundred nms.  
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A B S T R A C T   

Although metal and metalloid concentrations in wildfire ashes have been documented, the nature and concen
trations of incidental nanomaterials (INMs) in wildland-urban interface (WUI) fire ashes have received consid
erably less attention. In this study, the total metal and metalloid concentrations of 57 vegetation, structural, and 
vehicle ashes and underlying soils collected at the WUI following the 2020 fire season in northern California — 
North Complex Fire and LNU Lightning Complex Fire — were determined using inductively coupled plasma-time 
of flight-mass spectrometry after microwave-assisted acid digestion. The concentrations of Ti, Zn, Cu, Ni, Pb, Sn, 
Sb, Co, Bi, Cr, Ba, As, Rb, and W are generally higher in structural/vehicle-derived ashes than in vegetation- 
derived ashes and soils. The concentrations of Ca, Sr, Rb, and Ag increased with increased combustion 
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completeness (e.g., black ash < gray ash < white ash), whereas those of C, N, Zn, Pb, and In decreased with 
increased combustion completeness. The concentration of anthropogenic Ti — determined by mass balance 
calculations and shifts in Ti/Nb above the natural background ratios — was highest in vehicle ash (median: 30.8 
g kg− 1, range: 4.5–41.0 g kg− 1) followed by structural ash (median: 5.5 g kg− 1, range: of 0–77.4 g kg− 1). Various 
types of carbonaceous INM (e.g., amorphous carbon, turbostratic-like carbon, and carbon associated with zinc 
oxides) and metal-bearing INMs (e.g., Ti, Cu, Fe, Zn, Mn, Pb, and Cr) with sizes between few nanometers to few 
hundreds of nanometers were evidenced in ashes using transmission electron microscopy, including energy 
dispersive X-ray spectroscopy. Overall, this study demonstrates the abundance of a variety of metals and met
alloids in the form of INMs in WUI fire ashes. This study also highlights the need for further research into the 
formation, transformation, reactivity, fate, and effects of INMs during and following fires at the WUI.   

1. Introduction 

Fire (i.e., wildfire, land-management burning, and agricultural 
burning) is a frequent global phenomenon affecting 3–5 million km2 

annually around the world, burning ~ 4 % of the Earth’s vegetated land 
(Van Der Werf et al., 2017). Wildfires are also a frequent phenomenon 
across the United States, with those in the eastern states (e.g., including 
and east of Minnesota, Iowa, Missouri, Arkansas, and Louisiana) 
occurring more frequently but typically being smaller in scale than those 
in western states (U.S. Environmental Protection Agency, 2016). For 
instance, in 2020, more than 33,000 fires burned approximately 700, 
000 acres in the eastern states, whereas almost 26,000 wildfires burned 
9.5 million acres in the western states (U.S. Environmental Protection 
Agency, 2016). Wildfires have become increasingly destructive in recent 
years in the western United States, particularly in California, due to 
rising temperatures from climate change, a preponderance of fuels due 
to long-term fire suppression, and an increased population living in 
proximity to wildland vegetation, i.e., at the wildland-urban interface 
(Miller et al., 2009). The area burned by wildfires across the United 
States has increased from 1.3 million acres in 1983–7.1 million acres in 
2021, with the 2020 fire season consuming a record 10.1 million acres of 
wildland and destroying approximately 18,000 structures, including 
9600 homes (Hoover and Hanson, 2021). Currently, wildfires are a 
contentious issue due to increases in fire frequency, size, severity, and 
the spread of fires into the built environment, resulting in increased 
emissions of contaminants of emerging concern (Bladon et al., 2014; 
Brito et al., 2017). These contaminants threaten ecosystems with im
plications for air and water pollution and related problems for envi
ronmental and human health (Bladon et al., 2014; Brito et al., 2017). 
Fire activity at the wildland-urban interface (WUI) and the associated 
environmental and human health impacts are projected to increase 
globally due to climate and societal changes, making an understanding 
of the impacts of wildfires more crucial than ever (Scholze et al., 2006). 

Ash is the particulate residue that remains in situ after fire (Bodí 
et al., 2014). Ash produced by wildfires is a heterogeneous material 
composed mainly of charred organic materials, oxides and hydroxides of 
base cations (e.g., Ca2+, Mg2+, and K+), and a mixture of organic and 
inorganic contaminants. Fire releases a complex mix of particles, liquids, 
and gaseous compounds, which depend on the type and efficiency of 
combustion. Pollutants released by fires, and concentrated in the ashes, 
include pyrogenic carbon, polycyclic aromatic hydrocarbons (PAHs), 
polychlorinated dioxins and furans (PCDD/FE), volatile organic com
pounds (VOCs), metals, metalloids, incidental nanomaterials (INMs, 
particles in the size range of 1–100 nm unintentionally formed as a result 
of direct or indirect human influence), environmentally persistent free 
radicals (EPFRs), nutrients, and other contaminants (Bodí et al., 2014). 
These fire-emitted contaminants are known to affect the health of mil
lions of people and other living organisms in the surrounding environ
ment (Oliveira-Filho et al., 2018). 

Combustion processes enrich ash in trace metals and metalloids such 
as As, Cr, Cu, Pb, Hg, Ni, and Zn (Burton et al., 2016; Wan et al., 2021). 
For instance, several studies reported elevated metal concentrations in 
forest-fire ash (e.g., 67–598 mg Mn kg− 1, 51–122 mg Pb kg− 1) and in 
post-fire soil (e.g., 471–1429 mg Mn kg− 1) (Campos et al., 2016; Parra 

et al., 1996), likely in the form of INMs. Additional pollutants might be 
emitted at the WUI due to the combustion of construction materials (e.g., 
wood, roofing, vinyl, plumbing, electrical, paints), household items (e.g., 
furniture, cooking utensils, ceramics, rubber, plastics), industrial sol
vents, petroleum products, automotive components, tires, and consumer 
electronics (Radeloff et al., 2018). For instance, ash from buildings 
burned in WUI fires can have substantially elevated levels of diverse 
trace elements such as Pb, Cr, As, Cu, and Zn (Plumlee et al., 2013). 
Many construction materials and consumer products use metal and 
engineered particles (e.g., pigments and nanoparticles). However, there 
is currently limited knowledge of the occurrence, concentrations, and 
properties of INMs forming from WUI fires. For instance, multiwall 
carbon nanotubes were detected in wildfire emissions (Lara-Romero 
et al., 2017). Inorganic INMs could form via precipitation, condensation, 
oxidation, and reduction of inorganic material in fire fuel (Griffin et al., 
2018). To date, there is limited information on the concentrations of 
metals and the nature and concentrations of INMs in fire ash generated 
from fire in the built environment. 

Furthermore, the concentrations of pyrogenic carbon and inorganic 
contaminants in ashes depend on the fire conditions. Low combustion 
completeness (e.g., T < 450 ºC) forms black ash with organic carbon as 
the main component. At high combustion completeness (e.g., T > 450 
ºC), most organic carbon is volatilized, leaving behind mineral ash (or 
white ash) with Ca, Mg, Na, K, and Si in the form of inorganic carbonates 
(Bodí et al., 2014). At a higher combustion temperature (T > 850 ºC), the 
most common inorganics remaining are oxides (Bodí et al., 2014). The 
concentrations of metals and metalloids in ashes also vary depending on 
fire severity as combustion processes release metals stored in plants 
(Kaschl et al., 2002; Sipos et al., 2005), soil organic matter (Obrist, 2007; 
Rutter et al., 2011), and structural materials by either volatilization into 
the atmosphere (e.g., Hg) or accumulation on the soil surface within the 
ash. 

The overarching aim of this study is to determine the concentrations 
of metals, metalloids, and INMs in WUI fire ash from different fuel 
sources and combustion completeness and to characterize the properties 
of INMs that form as a result of fires at the WUI. To do this, we use ashes 
collected after the 2020 fire season in the western United States, 
including those collected from the North Complex Fire and LNU Light
ning Complex Fire in northern California. 

2. Materials and methods 

2.1. Study sites 

Two WUI fires that burned during the 2020 California fire season 
were investigated in this study, including the North Complex (NC) Fire 
and the LNU Lightning Complex Fire (Fig. S1). 

The North Complex Fire (NC) is the seventh largest in California 
history (as of June 2022) and the second largest recorded in the northern 
Sierra Nevada. It burned 1290 km2 and destroyed 2455 structures in the 
Feather River watershed, primarily within the Plumas National Forest, 
between August 17 and December 3, 2020. The distribution of burn 
severity within the fire perimeter was 2% low, 8% moderate, and 89% 
high (Fig. S1a) (inciweb, 2022). The land use within the burned area was 
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84% evergreen forest and 12% shrub/scrub; the elevation averaged 
1153 m and ranged from 260 to 2132 m (Fig. S2). 

Fire ash and soil samples were collected in the Berry Creek Census 
Designated Place, where most structures were destroyed (SI Table S1 
and Fig. S2). Within Berry Creek, we sampled a neighborhood sur
rounding Madrone Lake with a high density of burned structures. The 
general setting is indicative of the western slope of the Sierra Nevada in 
California in the 300–750 m elevation range in terms of geology and 
vegetation. The area is characterized by steep terrain underlain by 
granitic and metavolcanic bedrock. The soils vary based on the under
lying parent formations, with decomposed granite soils in some areas 
and the metavolcanic rocks forming “red dirt” soils, including the 
Hartsmill Series (detailed soil series description is provided in the SI). At 
lower elevations (about 300 m), vegetation is characterized by manza
nita (Arctostaphylos spp.), toyon (Heteromeles arbutifolia), interior live 
oak (Quercus wislizeni), California black oak (Quercus kelloggii), Pacific 
poison oak (Toxicodendron diversilobum), and very scattered ponderosa 
pine (Pinus ponderosa). At higher elevations (about 750 m), vegetation 
cover is characterized by California mixed conifer, including black oak 
(Quercus velutina), California live oak (Quercus agrifolia), Pacific 
madrone (Arbutus menziesii), ponderosa pine (Pinus ponderosa), Douglas- 
fir (Pseudotsuga menziesii), and mixed shrub species. 

The LNU Lightning Complex Fire is the sixth largest in California 
history (as of June 2022). It burned 1470 km2 and destroyed 1491 
structures in Colusa, Lake, Napa, Sonoma, Solano, and Yolo Counties, 
approximately 60 km west of Sacramento, between August 17 and 
October 2, 2020 (CALFire, 2022). The distribution of burn severity 
within the fire perimeter was 12 % low, 39 % moderate, and 49 % high 
(Fig. S1b). Land use within the fire perimeter comprised of 57 % 
shrub/scrub, 19 % herbaceous, 12 % evergreen forest, and 1.4 % 
developed (Fig. S3). Elevation within the fire footprint was on average 
370 m and ranged between 35 and 924 m. 

Fire ash samples were collected from vegetated areas and the built 
environment in Napa and Solano counties near Lake Berryessa (SI 
Table S1 and Fig. S3). The general setting is typical of the Coast Ranges 
in central California. Elevation of valleys in the Lake Berryessa region 
generally range from 90 to 120 m, with ridge elevations from 600 to 900 
m. The geology of the Lake Berryessa region has a diversity of rock types, 
including deformed, metamorphosed sedimentary and volcanic rocks of 
the Franciscan Complex; sedimentary and volcanic rocks of the Great 
Valley Group; igneous rocks of the Clear Lake Volcanics, and alluvium 
(Moores et al., 2020). Soils in the area are typically well-drained and 
include the Henneke Series, formed from weathered, ultramafic rocks 
such as serpentinite; the Forward Series, formed from weathered vol
canic rocks; and the Bressa Series, formed from weathering of sandstone 
and shale. Vegetation is diverse in the Lake Berryessa region and varies 
by elevation. Valley floors typically have grasslands and valley oak 
woodlands with riparian habitats along creeks and streams; at 
mid-elevations, hardwood forests have various oak species, gray pine 
(Pinus sabiniana), Pacific madrone, and various chaparral plant species; 
higher elevations support Douglas-fir, ponderosa pine, incense cedar 
(Calocedrus decurrens), and various montane chaparral plant species 
(Moores et al., 2020). 

2.2. Sample collection 

A total of 62 ash, underlying soil, and unburned vegetation samples 
were collected during October to November 2020 in the two fire- 
affected areas (Table S1). In the North Complex Fire area, the 
collected samples include four ash samples from burned structures, five 
ash samples from burned vehicles, six ash samples from burned vege
tation, and eight underlying soil samples. In the LNU Lightning Complex 
Fire area, the collected samples include 25 ash samples from burned 
structures, four ash samples from burned vehicles, four ash samples from 
burned vegetation, and five samples of unburned vegetation. In addi
tion, a sample of air-fall ash was collected from a car’s windshield during 

the 2019 fire season near the North Complex Fire area; care was taken to 
avoid contact with the glass to avoid previously deposited dust or debris. 
All samples were collected prior to any rain or other precipitation. The 
ash samples were collected from various sources, including residential 
structures, garages, vehicles, vegetation, and soils representing low to 
high burn severity (Table S1). The burned structures included resi
dences, a convenience store, and storage sheds; burned vehicles 
included automobiles, tractors, and a boat on a trailer. Vegetation types 
sampled included various oak and pine species, manzanita (Arctosta
phylos spp.), chamise, (Adenostoma fasciculatum) and grasses. 

Within the NC Fire area, ash and soil samples were collected from the 
neighborhood surrounding Madrone Lake (Fig. S2 and Table S1). Un
disturbed ash was carefully scraped from the soil surface with a 
disposable plastic scoop and collected to represent average (mixed) 
sources. In burned structures from the NC Fire area, ash was collected 
from multiple locations within the structure’s footprint and combined to 
form a representative composite sample. Sampling burned structures is 
difficult because the ash is not uniform like vegetation ash. It is often a 
mixture of wallboard, insulation, and large debris, all mixed with the 
combusted material residuals. To collect underlying soil, the area where 
surface ash was collected was carefully cleared of ash, and the under
lying soil was collected using a plastic scoop from two soil depths (0–2 
cm, NC 1 C, NC 6 A, NC 10B, NC 12B, and NC 13B; 10–15 cm, NC 6B, NC 
12 C, and NC 13 C). Detailed soil series descriptions are provided in the 
SI section. All samples were collected in acid-washed high-density 
polyethylene (HDPE) wide-mouth bottles and labeled. 

Within the LNU Lightning Complex Fire area, undisturbed ash sam
ples were carefully collected from burned structures and vegetation to 
represent specific location sources; ash samples were collected from 
multiple locations (e.g., kitchen, living room, bedroom, garage, foun
dation, etc.) within each residential structure; detached structures 
adjacent to residences (e.g., sheds, barns, and trailers) and a commercial 
structure (convenience store) were also sampled (Fig. S3 and Table S1). 
Ash samples were collected with disposable plastic scoops and placed 
into zippered plastic bags. 

2.3. Preparation of ashes and unburned vegetation 

All ashes were homogenized using a mortar and a pestle. Unburned 
vegetation samples were washed thrice with ultra-high-purity water to 
rinse off dust particles and then dried in an oven at 50 ◦C to remove 
moisture without disturbing nanomaterials in the samples (Peacock, 
1992). The dried vegetation samples were then homogenized using a 
mortar and a pestle. The homogenized ashes and unburned vegetation 
were sieved using a 10-mesh (2 mm pore size) nylon sieve (Zhangxing 
Instrument, Hangzhou, Zhejiang, China) to remove large particles. The 
sieved samples were stored in 250 ml acid-washed HDPE bottles in a 
− 20 ◦C freezer before further treatment. 

2.4. Carbon and nitrogen analysis 

Carbon and nitrogen analysis was performed using an ECS 4010 
Elemental Analyzer/ZeroBlank Autosampler (Costech Analytical Tech
nologies). Samples were loaded into tin capsules and combusted 
(localized temperature up to 1800 ◦C) to determine carbon and nitrogen 
isotopic ratios simultaneously. Two laboratory standards, USGS40 and 
USGS41, were analyzed for every 12 unknown samples in each analyt
ical sequence, allowing instrument drift to be corrected if required. 

2.5. Digestion and metal analysis 

One hundred mg of each sample was weighed into a polytetra
fluoroethylene (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 H2O2. The acid digestion was performed in a Multiwave micro
wave (Multiwave Pro, Anton Paar, Graz, Austria) at a constant power of 
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1500 W for 60 min, 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 evapora
tion was performed with 10 min of ramping time followed by 9 min of 
holding time at 1500 W. Then, 3 ml of distilled HNO3 was added into the 
vessel to dissolve any insoluble fluoride salts. The second evaporation 
was performed with 10 min of ramping time followed by 3 min of 
holding time at 1500 W. The digested samples were then diluted in 10% 
HNO3 (trace metal grade, Fisher Chemical, Fair Lawn, NJ, 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, TOF
WERK, 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, PA, USA). Internal 
standards (ICP Internal Element Group Calibration Standard, BDH 
Chemicals, Radnor, PA, 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 % HNO3 from commercially 
available ICP standards (BDH Chemicals, Radnor, PA, USA), with con
centrations ranging from 0.001 to 100 μg L− 1. Internal standards (ICP 
Internal Element Group Calibration Standard, BDH Chemicals, Radnor, 
PA, USA) were monitored simultaneously for quality control. All iso
topes were analyzed in collision mode with a helium and hydrogen gas 
mixture. 

The recovery of the digestion procedure was determined by digesting 
and analyzing two standard reference materials for trace elements in 
coal fly ash: NIST SRM 1663 C (NIST, Gaithersburg, MD, USA) and BCR- 
176R (IRMM, Retieseweg, Geel, Belgium). For 1663 C, the recovery 
varied between 82 % and 125 % for most elements (Table S3). Cu 
exhibited high recovery of 137 % and U exhibited a low recovery of 67 
%. For BCR-176R, the recovery varied between 77 % and 105 % for most 
elements. Barium and Th exhibited low recoveries of 42 % and 70 %, 
respectively, while Zn and Se exhibited high recoveries of 131 % and 
146 %, respectively (Table S3). All elements’ relative standard deviation 
was < 15 %, indicating good precision. 

2.6. Transmission electron microscopy 

A select set of samples was further characterized by transmission 
electron microscopy (TEM) to identify the various types of INMs present 
in the fire ashes. These samples were selected to represent different 
endmembers based on their elemental compositions. TEM was used to 
study the morphology, dimensions, crystallinity, and elemental com
positions of the INMs in eight ash samples: A13, A31, A81, A122, A124, 
A131, A132, and AD. The samples were prepared for TEM analyses by 
the drop-casting method using suspensions of WUI fire ash dispersed in 
methanol. The suspensions were shaken, let to sit for several minutes, 
and then dropped onto LC300-Cu-150 TEM grids (Electron Microscopy 
Sciences), which consist of a lacey carbon support layer attached to a 
300-mesh copper grid. The TEM samples were stored in a vacuum 
desiccator for at least 24 h before being analyzed. TEM data were 
collected at the Nanoscale Characterization and Fabrication Laboratory 
at Virginia Polytechnic Institute and State University on a JEOL JEM 
2100 S/TEM, operated at 200 kV. TEM bright field images were ac
quired with a Gatan Ultrascan 1000XP CCD camera. Energy dispersive x- 
ray spectroscopy (EDS) elemental maps were obtained using a JEOL 
genuine 60 mm2 Silicon Drift Detector. 

3. Results and discussion 

3.1. Ash source and color 

Ashes were grouped into four categories based on their source, 
including 10 vegetation, 29 structural, nine vehicle, and an atmospheric- 
deposition ash. In addition to the ashes, five unburned vegetation and 
eight soil samples were digested and analyzed for total metal concen
tration. Ashes were also grouped into five categories based on their color 
as observed by the naked eye and included 13 black, 11 gray, 18 white, 
eight gray/brown, and seven red/brown ashes (Fig. S4). Ash color is a 
qualitative parameter that can be used to describe the completeness of 
combustion and thus fire temperature (Dūdaitė et al., 2011). Depending 
on the consumption of organic matter, ash color ranges from black 
indicating charring to white indicating complete ashing (Bodí et al., 
2011). For instance, combustion of pine needles and leaf litter at 350 ◦C 
generated black ash, whereas combustion of pine needles at 550 ◦C and 
leaf litter at 450 ◦C generated white ash (Dūdaitė et al., 2011). Wood ash 
generated at 250 ◦C is brown because of the onset of pyrolysis and 
shrinkage at that temperature and turns black above 300 ◦C (Ragland 
et al., 1991). Moderate-intensity fire (300–400 ◦C) produces black ash 
because the vegetation is not destroyed, but high-intensity fire (>
500 ◦C) produces light gray or white ash (Iglesias et al., 1997) composed 
mainly of alkaline (Ca, K, Mg) oxides (Goforth et al., 2005). The ash 
color is also impacted by the amount of Fe, which can vary from orange 
to deep red, brown, or white to yellow (Ahmaruzzaman, 2010). For 
instance, one structural ash (A92) was red due to its high Fe content (32 
% of ash weight, hereafter wt%). All other red/brown samples were soil 
samples. Below we discuss the elemental compositional trends of all ash 
samples based on their sources and colors. 

3.2. Elemental concentrations in ash from distinct source 

The elemental composition of WUI fire ashes can vary depending on 
the fuel type. Fig. 1 presents the elemental concentrations in ashes, 
which are ordered based on the increase/decrease in their concentration 
among the different ash sources. For all ashes, C concentrations ranged 
from 0.6 to 47.6 wt% and increase in the following order: soil < struc
ture < vegetation < vehicle (Fig. 1a). The total major and trace metal 
(Ca + metals + metalloids) concentrations range from 2.4 to 47.0 wt% 
and increase in the following order: soil < burned vegetation < structure 
< vehicles (Fig. 1b). The total major and trace metal concentrations in 
the different ash types vary as follows: underlying soils range from 2 to 
12.8 wt% with a mean of 5.8 ± 3.7 wt%, vegetation ashes vary from 3.8 
to 11.5 wt% with a mean of 8.5 ± 2.5 wt%, structural ashes vary from 
5.8 to 47 wt% with a mean of 12.6 ± 7.7 wt%, and vehicle ashes vary 
from 6.7 to 22.7 wt% with a mean of 14.7 ± 4.5 wt% (Fig. 1b). 

Overall, Ti, Zn, Cu, Ni, Pb, Sb, Sn, Co, Bi, and Cr contents increase in 
the following order: unburned vegetation < vegetation ash < ~ soil 
< structure < vehicle (Fig. 1c-l). Nitrogen concentration is highest in 
vehicle ashes (e.g., median: 0.31, range: 0–0.47 wt%) followed by 
vegetation (e.g., median: 0.19, range: 0–0.55 wt%)), soil (e.g., median: 
0.09, range: 0.07–0.16 wt%), and structural ashes (e.g., median: 0.05, 
range: 0–0.52 wt%) (Fig. 1m). Barium, Ca, As, Rb, and W have the 
highest concentrations in structural ashes and lowest concentrations in 
soils (Fig. 1n-r). Sr and Mn are at their highest concentrations in vege
tation ashes (Fig. 1s-t). These trends are consistent with the natural 
occurrence of these metals in vegetation and the uses of these metals in 
various applications/consumer products. 

The total major and trace metal concentrations in unburned vege
tation are low (typically 0.11–1.7 wt%) with a mean of 0.56 ± 0.67 wt% 
and a median of 0.21 wt%. Plants require 17 essential elements for 
growth: C, H, O, N, P, K, S, Ca, Mg, B, Cl, Cu, Fe, Mn, Mo, Ni, and Zn 
(Mahler, 2004). Nonetheless, 82 of the 92 elements on Earth can be 
found in plants (Reimann et al., 2001). Metal concentrations in un
burned vegetation are within the range reported elsewhere (Reimann 
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et al., 2001). For instance, Ti concentration in unburned vegetation 
ranges from 11 to 47 mg kg− 1, within the reported range of 
1–578 mg kg− 1 (mean: 33.4 mg kg− 1) (Reimann et al., 2001). Compared 
to the unburned vegetation, the total mean major and trace metal con
tent is approximately 15 times higher in the vegetation ashes. Thus, the 
combustion of vegetation and structural materials at the WUI leaves 
behind ashes rich in major and trace metals, which account for up to 
47 wt% of the ash mass, with a mean of 11.2 ± 6.6 wt% and median of 
10.3 wt% major and trace metal concentrations (Fig. 1b). 

For each element, the total concentrations in unburned vegetation 
and vegetation ashes display a wide variability (Figs. S5a and b). These 
variations may be explained by the accumulative capacity of different 
vegetation types, taking up distinct levels of elements from the soil and 
surrounding environment (Brito et al., 2017; Peralta-Videa et al., 2009). 
Fe, Mn, Ti, Ba, Sr, Zn, Ni, and Cu are present in relatively high con
centrations in vegetation ash in good agreement with their occurrence in 
high concentrations in the unburned vegetation, revealing the capacity 
of these elements to accumulate in plant tissue. This is also consistent 
with the higher concentration of Ni in vegetation ashes than in soils 
reported elsewhere (Brito et al., 2017). It is worth noting that the 
elemental composition of the atmospheric deposition ash (Fig. S5c) is 

characteristic of the vegetation ash (Fig. S5b). Elements with high 
concentrations in vegetation ash displayed high concentrations in the 
atmospheric deposition ash and vice versa. These findings suggest that 
this atmospheric-deposition ash might have originated dominantly from 
vegetation ashes, which are expected to be the dominant type of fire 
ashes during wildfires. 

The surprisingly high carbon content in vehicle ashes can be attrib
uted to the thermal stability of black-carbon additives used in vehicle 
parts such as tires and automobile interiors such as ventilation flaps, 
radiators, and airbags (Koreňová et al., 2006). For instance, tires consist 
of mainly carbon-based material, e.g., 70–80 wt% with black carbon 
accounting for up to 30 wt% (Pehlken and Müller, 2009). The high 
carbon concentration in vehicle ash also is consistent with the black and 
gray color of vehicle ashes, which are indicative of high carbon content. 
The high nitrogen content in vehicle ashes is consistent with those re
ported in solid tire waste (Islam et al., 2009) and ashes (Cheng et al., 
2021). The vulcanization accelerators and plasticizers, commonly added 
during the production of tires, contribute considerable amounts of ni
trogen (e.g., 0.37–0.76 wt%), which remain mostly (e.g., 60–68 %) in the 
ash after pyrolysis, mainly as a result of the thermal stability of N-con
taining compounds during pyrolysis (Cheng et al., 2021). Nitrogen is 

Fig. 1. Elemental concentrations as a function of ash source. UB-veg: unburned vegetation, Veg: vegetation ash, St: structural ash, Veh: vehicle ash, and AD: at
mospheric deposition. Elements are ordered by their concentration trend among the different ash types and from highest to lowest concentrations. 
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added to tires in the form of organic heterocyclic-N such as pyrrolic and 
pyridinic, which partially transform into a more stable structure (Qua
ternary nitrogen) during pyrolysis, which remains in the ash (Cheng 
et al., 2021). 

The high concentrations of Ti in vehicle and structural ashes are 
attributed to TiO2 pigments, the most widely used pigments in paints in 
vehicles and structures (Fisher and Egerton, 2000). Additionally, many 
metals are used in various vehicle parts, including brake pads (e.g., Fe, 
Mn, Ti, Cu, Ba, Zn, Zr, Cr, Ni, Sb, Sn, W, and Pb) (Amato et al., 2012; 
Borawski, 2020), tires (e.g., Zn accounts for 1–2% of tire weight) 
(Councell et al., 2004), batteries (e.g., Pb, Sb), and solder (e.g., Sn, Pb, Bi) 
(United States Geological Survey, 2021), explaining the high concen
trations of all measured metals in vehicle ashes. In structures, Zn is 
widely used in galvanized steel and white paint pigments (Moezzi et al., 
2012). Lead was historically used in pigments in structures and can still 
occur at trace concentrations in pigments that contain Zn (Moezzi et al., 
2012). Copper is widely used in water pipes and electrical wires. 
Barium- and Ca-carbonates are widely used as paint fillers. Arsenic is 

used in treated wood (Humphrey, 2002). Manganese concentrations are 
highest in vegetation ashes, consistent with Mn being an essential 
element for plants and reported with the highest concentration in forest 
fire ashes (in a number of cases) (Costa et al., 2014; Parra et al., 1996). 

3.3. Elemental concentrations in ash of distinct combustion completeness 

Elemental concentrations exhibit different trends as a function of ash 
color (Fig. 2). Carbon and N concentrations decrease in the following 
order: black > gray > gray/red > white ashes (Fig. 2a, b). Calcium, Sr, 
Rb, and Ag concentrations increase with increased combustion 
completeness (Fig. 2c-f). Total metal and metalloid concentrations ac
count for 0.4–44.3 wt% of the ash and decrease with combustion 
completeness (Fig. 2g). Total metal and metalloid concentrations, as 
well as the concentrations of Zn, Pb, Sn, and In, decrease with increased 
combustion completeness (Fig. 2h-k). 

These trends highlight the different behaviors of elements during 
fires. During thermal treatment, biomass undergoes drying and pyrolysis 

Fig. 2. Elemental concentration as a function of ash color. Elements are ordered by their concentration trend among the different ash types and from highest to 
lowest concentrations. All other elements did not show any specific trend with ash color. 
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as a preliminary step. Organic structures disintegrate to give tars, gases, 
and char, whereas the more volatile inorganics, such as alkali metals and 
chlorine, volatilize (Badía and Martí, 2003). Thus, the decrease in C 
concentrations with combustion completeness and the low N concen
trations in all ashes can be attributed to the volatilization of C and N at 
relatively low combustion temperatures. Organic compound volatiliza
tion starts at temperatures between 180 and 200 ◦C, whereas nutrient 
volatilization starts at temperatures between 200 and 400 ◦C (Neary 
et al., 1999). The fate of metals and metalloids atmosphere, metal 
speciation in fuel, depends on combustion temperature, and metal 
volatility (Narodoslawsky and Obernberger, 1996; Nzihou and Stan
more, 2013). Some metals (Co and Cu) can be enriched in the residue 
formed from the burning of biomass, while other metals (Hg) can 
remobilize as airborne components (fly ash and dust) (Narodoslawsky 
and Obernberger, 1996; Nzihou and Stanmore, 2013). Fire temperature 
can exceed the vaporization temperature of various metals (Table S4) 
resulting in decreases in these metal concentrations in the ashes with 
increases in fire severity. During combustion, the more volatile metals 
such as Hg, Pb, Zn, and As tend to vaporize and are released into the 
atmosphere with smoke. The amount of metal released during a forest 
fire is limited by their prior accumulation in the fuel and the fire severity 
(Biswas et al., 2007), which depends on the burn temperature and 
duration of heating (Neary, Ryan and DeBano, 2005). For example, 
heating soil for 1 h at 180 ◦C released < 10 % of the Hg, while heating at 
320 ◦C for 4 h released > 95 % of the Hg (Biswas et al., 2007). Lead 
volatilizes to a significant extent around 400 ◦C, As around 600 ◦C, and 
Cu and Zn about 800 ◦C (Han et al., 2006). Other metals (e.g., Mn, Cr, Ni, 
V, and Co) also vaporize at much higher temperatures (e.g., > 2000 ◦C, 
Table S4) (Shao et al., 2008), and thus remain in the fire ash under most 
WUI fire conditions. The volatilization temperature also depends on the 
fuel composition and metal speciation (Ljung and Nordin, 1997). For 
example, in the absence of S and Cl, the solid oxides (CuO and Cu2O) are 
stable up to 1100 ◦C. However, if S and Cl are available in sufficient 
amounts (> 10 % of S and Cl), the volatilization temperature of CuCl 
may be as low as 900 ◦C (Ljung and Nordin, 1997). 

3.4. Elemental ratios 

The elemental ratios of Ti/Nb, Ni/Fe, and Cr/Fe are higher in several 
ashes than natural background ratios (Fig. 3), confirming the anthro
pogenic nature of Ti, Ni, and Cr in the ashes. The Ti/Nb ratio decreases 
in the following order: vehicle > structure > soil ~ vegetation. The high 
Ti/Nb ratio in underlying soil samples is likely due to the contamination 
of some of the soil samples with fire ashes. In particular, NC-13B and NC- 
13 C have very high Ti/Nb ratios (Fig. S6). The high Ti/Nb ratio in 
burned vegetation (e.g., 400–5186) might be due to the accumulation of 
pure Ti in plants (Reimann et al., 2001). The Ni/Fe ratio is highest in 
vehicle, vegetation, and structural ashes. The Cr/Fe ratio is generally 
higher in structural and vehicle ashes than in vegetation ashes and un
burned vegetations and soils. These trends are consistent with the use of 
these metals in structures and vehicles, as discussed in Section 3.2. The 

elemental ratios of Ti/Nb, Cr/Fe, and Ni/Fe did not display any trend 
with ash color. This is likely due to the high vaporization temperature of 
these elements (Table S4). 

3.5. Anthropogenic Ti concentrations 

The concentration of anthropogenic Ti was estimated using mass- 
balance calculations as performed elsewhere (Loosli et al., 2019) and 
is at the highest concentrations in vehicle ash followed by structural 
ashes (Fig. 4). The anthropogenic Ti in soils is likely due to contami
nation by ashes. The concentration of anthropogenic Ti varied between 
4.5 and 41 g kg− 1 in vehicle ash and between 0 and 77 g kg− 1 in 
structural ash. This is consistent with the use of TiO2 pigments in paint 
and coatings in structures and vehicles. The global consumption of TiO2 
was estimated at 6.1 million metric tons in 2016 and is projected to 
reach 8.8 million metric tons by 2025, the majority of which is used as 
pigments in architectural and industrial paints and coatings (60 %), 
plastic (28 %), paper (5 %), and other applications (7 %) (Cision, 2020), 
suggesting a high potential for release of TiO2 from these sources 
following fires. 

3.6. Transmission electron microscopy analysis 

To determine the properties of INMs (e.g., composition, size, 
morphology) in WUI fire ashes, we performed TEM analyses on a select 
set of ashes representing different fuel types (vegetation: A31 and A81; 
structure: A122, A124; A132; vehicle: A13; and structure/vehicle: 
A131) and ash colors (black: A13, A131, and A132; gray A31 and AD; 
gray/brown: A124; white: A81 and A122). These samples were also 
selected as they exhibited high metal concentrations based on ICP-TOF- 
MS analyzes—A13: Ti, Fe, Pb, Cu, and Zn (Fig. S7a); A31: Fe (Fig. S7b); 

Fig. 3. Elemental ratios as a function of ash source. UB-veg: unburned vegetation, Veg: Vegetation ash, St: structural ash, Veh: vehicle ash, and AD: atmo
spheric deposition. 

Fig. 4. Concentrations of anthropogenic titanium in ashes as a function of ash 
source. UB-veg: unburned vegetation, Veg: vegetation ash, St: structural ash, 
Veh: vehicle ash, and AD: atmospheric deposition. 
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A81: Fe, Mn, Sr, Ba, and Ti (Fig. S7c); A122: Ti, Fe, Co, Zn, Pb, and Ba 
(Fig. S7d); A124: Ti, Fe, Cr, and Zn (Fig. S7e); A131: Zn, Fe, Cu, and Ti 
(Fig. S7f); A132: Mn, Zn, Fe, and Ti (Fig. S7g); AD: Fe, Mn, Ti, Sr, and Ba 
(Fig. S7h). The key findings of the TEM analyses are summarized in 
Table S5 and discussed below. 

Different forms of C were observed in the ashes, including 
turbostratic-like C in A13 (Fig. S8a), turbostratic-like C in association 
with zinc oxide INMs in A131 (Fig. S8b), and amorphous carbon in A31 
(Fig. S8c). In A81, A122, A124, and AD, C was only observed in asso
ciation with Ca and O, suggesting that it occurs as CaCO3 in these 
samples (Fig. S9). These forms of C are consistent with ash color, source, 
and combustion completeness. A13, A131, and AD are black and gray 
ashes, suggesting that they contain black carbon materials (e.g., 
turbostratic-like C). On the other hand, A81, A122, A124, and AD are 
white and gray ashes, indicating higher combustion completeness and 
transformation of Ca and C to CaCO3. The observation of turbostratic- 
like C in A13 (vehicle ash) and A131 (structure/vehicle ash) and the 
association of turbostratic-like C and zinc oxide INMs in A131 are 
consistent with the high concentration of Zn (8.9%) and C (26 wt%) in 
A131 and the use of ZnO and black carbon as additives in rubber. Rubber 
is heavily used in vehicle parts such as tires and automobile interior 
parts such as ventilation flaps, radiators, and airbags (Koreňová et al., 
2006). 

Inorganic INMs with various metals (e.g., Ti, Cu, Fe, Zn, Mn, Pb, and 
Cr) were identified in all of the ash samples with the exception of the 
vegetation ashes (A31 and A81). The vehicle ash (A13) contains Ca-, Ti-, 
Cu-, and Zn-bearing INMs, consistent with the elemental composition of 
this ash sample. Fig. 5 shows an example of INMs observed in ash A13. 
The aggregate consists of Al-silicate, Ca-carbonate, one Zn-bearing INM, 
and several Ti-bearing INMs that also contain Cu. The INM size ranges 

(hereafter listed as the longest dimension for a particle) are as follows: 
80–490 nm (n = 18) for Ti-bearing INMs and 120 nm (n = 1) for the Zn- 
bearing INM. The structural ashes (A122, A124, and A132) and the 
structure/vehicle ash (A131) contain Ca-, Ti-, Fe-, Cr-, Cu-, Zn-, and Pb- 
bearing INMs. In ash A122, the most frequently detected INMs were Ti- 
bearing, but other types of INMs, including Ca-, Cr-, Cu-, Fe-, and rare 
Pb-bearing INMs, are also present. Fig. 6 shows examples of INMs 
observed in ash A122. The aggregate in Fig. 6a–d consists of an Al-, Si-, 
Ca-, O-bearing particle, two Ti-bearing INMs, and several Cu-bearing 
INMs. The aggregate in Fig. 6e–f consists of Al-silicate, Ca-carbonate, 
several Ti-bearing INMs, and numerous Fe±Cr-bearing INMs. The size 
ranges of the INMs in A122 are as follows: 40–250 nm (n = 18) for Ti- 
bearing INMs, 180–270 nm (n = 3) for Cr-bearing INMs, 10–50 nm 
(n = 13) for Cu-bearing INMs, and 190–270 nm (n = 2) for Fe-bearing 
INMs. In ash A124, the most frequently observed INMs were Fe- and 
Ti-bearing INMs; Cu- and Cr-bearing INMs are also present but were 
observed less frequently. Fig. S10a–d shows an example of INMs 
observed in ash A124. The aggregate consists of Mg-silicate, Ca-car
bonate, several Ti-bearing INMs that contain some Cu, several Fe- 
bearing INMs, and one Cr-bearing INM. The size ranges of the INMs 
are as follows: 280–1070 nm (n = 6) for Fe-bearing INMs, 190–440 nm 
(n = 13) for Ti-bearing INMs, and 90–140 nm (n = 2) for Cr-bearing 
INMs. In ash A132, the most frequently observed INMs were Ti-, Fe-, 
and Zn+Cu-bearing INMs. The size ranges of the INMs are as follows: 
140–300 nm (n = 7) for Ti-bearing INMs, < 50 nm for Fe-bearing INMs, 
and 70–450 nm (n = 13) as well as numerous < 50 nm for Zn-bearing 
INMs. In ash A131, the most frequently observed INMs were Ti- and 
Zn-bearing INMs. Fig. S10e–h shows an example of INMs from ash A131. 
The aggregate consists of Al-silicate, Ca-sulfate, five Ti-bearing INMs, 
and several Zn-bearing INMs. The size ranges of the INMs are as follows: 

Fig. 5. Representative bright field (BF) TEM image and composite EDS maps showing examples of (b) Al-silicate materials, (c) Ca-carbonate materials, and (d) Ti 
( ± Cu) and Zn INMs identified in vehicle ash A13. 
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50–480 nm (n = 17) for Ti-bearing INMs and 50–250 nm (n = 17) for 
Zn-bearing INMs. In the atmospheric deposition ash (AD), the most 
frequently observed particles were CaCO3 particles (Fig. 7b), similar to 
those observed in the vegetation ashes; however, atmospheric inorganic 
INMs, such as Fe- and Mn-bearing (Fig. 7c) INMs, were also occasionally 
identified. 

Overall, a total of 73 Ti-bearing and 33 Zn-bearing INMs were 
identified in the vehicle and structural ashes. The size distribution of Ti- 
bearing INMs varies between 40 and 500 nm for the longest dimension, 
with a mean length and width of 210 ± 120 nm and 150 ± 100 nm, 
respectively (Fig. S11a). Approximately 26% of the Ti-bearing INMs are 
< 100 nm based on the longest dimensions and 42% are < 100 nm 
based on the shortest dimensions. These sizes are consistent with those 
of TiO2 particles widely used as pigments in paints. Although the size 

distribution of TiO2 pigments is predominantly composed of 
100–300 nm-sized particles, the particle size range actually extends 
from the nanoscale (up to 36% of particle number were <100 nm) up to 
several hundreds of nanometers (Weir et al., 2012). Thus, the majority of 
TiO2 pigments contain a fraction of TiO2 INMs (Weir et al., 2012). It is 
worth noting that the fraction of nanoscale TiO2 particles observed in 
the ashes (26 %) is consistent with those observed in TiO2 pigments 
elsewhere (36%) (Weir et al., 2012). 

The size distribution of Zn-bearing INMs varied between 50 and 
450 nm for the longest dimension, with a mean length and width of 180 
± 120 nm and 120 ± 90 nm, respectively (Fig. S11b). Approximately 
39% of the Zn-bearing INMs are < 100 nm based on the longest di
mensions and 61% are < 100 nm based on the shortest dimensions. 
These sizes are typical of those of conventional rubber grade ZnO (e.g., 

Fig. 6. Representative bright field (BF) TEM images and composite EDS maps showing examples of (b) Al-silicate materials, (c) Ca-carbonate materials, (d) Ti and Cu 
INMs, and (f) Fe, Ti, and Cr INMs identified in structure ash A122. 

Fig. 7. Representative bright field (BF) TEM image and composite EDS maps showing examples of (b) Ca-carbonate materials and (c) Mn INMs identified in the 
atmospheric deposition (AD) fire ash sample. 

T. Alshehri et al.                                                                                                                                                                                                                                



Journal of Hazardous Materials 443 (2023) 130311

10

100–400 nm) (George, 2000) and pigment grade ZnO (e.g., < 1000 nm) 
(Osmond, 2012). The global zinc oxide market size was estimated at 
over 1.4 million tons in 2021 and is projected to increase at a rate of 4 % 
in terms of volume between 2022 and 2027 (Mordor Intelligence, 2021). 
Major applications of zinc oxide include rubber, ceramic, chemical, 
agriculture, paints and coatings, cosmetics, and pharmaceuticals, as well 
as other applications (Moezzi et al., 2012). Rubber was the dominant 
application segment in 2021, accounting for 50–60 % of all ZnO uses, 
where ZnO is normally added at between 1 and 5 wt% rubber (Moezzi 
et al., 2012). Global industrial rubber production is estimated at 16 
million tons in 2022, about 65 % of which is utilized for the production 
of tires and automobile interiors such as ventilation flaps, radiators, and 
airbags (MARKETSANDMARKETS, 2018). A typical tire contains on the 
order of 100 g of ZnO (Moezzi et al., 2012). Although now largely su
perseded by TiO2, ZnO remains an important white inorganic pigment as 
well. 

4. Environmental and human health implications 

Results of our analyses indicated that WUI fire ashes contain high 
concentrations of metals and metalloids, mostly in the form of INMs. The 
concentrations of Ti, Zn, Cu, Ni, Pb, Sn, Sb, Co, Bi, Cr, Ba, As, Rb, and W 
are generally higher in structural/vehicle-derived ashes than in 
vegetation-derived ashes and soils. The concentration of Ca, Sr, Rb, and 
Ag increase with increased combustion completeness (e.g., black ash <
gray ash < white ash), whereas those of C, N, Zn, Pb, and In decrease 
with combustion completeness. We also demonstrated that fire ashes 
contain carbonaceous material (turbostratic-like C, amorphous C, and 
CaCO3) and various metal (Ti, Cu, Fe, Zn, Mn, Pb, and Cr)-bearing INMs 
with sizes ranging from < 50 nm to a few hundred nms. 

The nature and concentration of metal-bearing INMs in fire ashes can 
be of social and environmental concern, impacting public health and 
safety, infrastructure, biodiversity, and contributing to land, water, and 
air pollution. Ash, and its associated contaminants, present potential 
public health risks to people (e.g., fire recovery workers, residents) and 
communities through direct and indirect ingestion, inhalation, and skin 
contact. People are likely to be exposed to the hazardous materials 
present in the ashes, such as metal and metalloid-bearing INMs, through 
disturbance and resuspension of the ashes (e.g., from walking, cleaning, 
wind, and vehicular disturbance), which may be inhaled (Alexakis, 
2020). Health effects of ash exposure range from acute symptoms, such 
as coughing, sneezing, and throat and eye irritation, to chronic disease 
and increased cancer risk (Reid et al., 2016). 

The mobilization of ashes by wind and water poses significant risks 
to environmental and human health. For instance, one study suggested 
that ash mobilization by wind to the ocean induces algal growth due to 
the increased iron supply (Tang et al., 2021). On the other hand, other 
studies have demonstrated that fire ash extracts induce a significant 
decrease in the growth of the algae Raphidocelis subcapitata, and the 
common duckweed Lemna minor and inhibit the growth of the lumi
nescent the bacteria Aliivibrio fischeri (Ré et al., 2020; Silva et al., 2015). 
Fire ash (from two areas of Cerrado savannah and pasture) has also been 
shown to be toxic to the zooplankton Ceriodaphnia dubia (Brito et al., 
2017). Additionally, fire ash runoff, with ash extracts used as a proxy, 
has been shown to pose hazards to human health due to its cytotoxicity 
to skin cells, which was attributed to the metals and particles in fire 
ashes (Ré et al., 2021). Ash from different sources and formed under 
different fire conditions is likely to possess different toxicities due to the 
variability in the nature and concentration of metal and 
metalloid-bearing INMs in WUI ash. For instance, Eucalyptus ash was 
found to be more cytotoxic than pine ash, which was attributed to the 
different ash metal burden and mobility into the water phase (Ré et al., 
2021). 

Overall, this study demonstrates the abundance of a variety of metal 
and metalloid-bearing INMs in WUI fire ashes. At the same time, this 
study highlights the need for further research into the formation, 

transformation, reactivity, fate, and effects of INMs during and post fires 
at the WUI. While experimental work on synthetic nanomaterials can 
potentially provide insights, additional nanoscience studies of natural 
environmental samples could help identify unknown transformations of 
INMs within the fire environment and after release into the 
environment. 
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Dūdaitė, J., Baltrėnaitė, E., Pereira, P., Úbeda, X., 2011. Temperature effects on the ash 
colour of forest litter. Moksl. ateitis/Sci. Lith. 3 (5), 18–23. 

Fisher, J., Egerton, T.A., 2000. Titanium compounds, inorganic. Kirk-Othmer Encycl. 
Chem. Technol. 

George, W., 2000. Handbook of fillers, fourth ed. Elsevier. 
Goforth, B.R., Graham, R.C., Hubbert, K.R., Zanner, C.W., Minnich, R.A., 2005. Spatial 

distribution and properties of ash and thermally altered soils after high-severity 
forest fire, southern California. Int. J. Wildland Fire 14 (4), 343–354. https://doi. 
org/10.1071/WF05038. 

Griffin, S., Masood, M.I., Nasim, M.J., Sarfraz, M., Ebokaiwe, A.P., Schäfer, K.-H., 
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