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Abstract  Road sediment is an underutilized medium 
in the investigation of environmental pollution, yet it 
serves as both a source and sink for a wide array of pol-
lutants. In urban areas especially, contaminants present 
within road sediment have the potential to pose human 
health risks depending on the abundance, chemical, 
and physical nature of these contaminants as well as 
the duration (i.e. acute or chronic) of exposure. Las 
Vegas, Nevada is currently one of the fastest growing 
urban areas in the United States and is therefore a prime 
location for the investigation of potential environmental 
contaminants and pollutants in road sediment. Forty-six 
road sediment samples were collected from locations 
throughout the Las Vegas region, including Las Vegas, 
Henderson, and Boulder City. Geochemical and min-
eralogical characterization of the selected samples was 
completed using scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), and X-ray 
fluorescence spectrometry (XRF). Results from these 
analyses indicate the presence of metal-bearing partic-
ulate matter (including metal shavings), in addition to 
spherules, all of which are consistent with an anthropo-
genic origin. Additionally, geoaccumulation index (Igeo) 
values determined from XRF bulk chemical data show 
that Cu and Zn were enriched in road sediment sam-
ples (Igeo > 1) throughout Las Vegas and are thus con-
sidered to be significant anthropogenic pollutants in the 
region. This study serves as the first investigation into 
road sediment contaminants in the region, and provides 
a critical framework for more detailed investigation of 
the source and potential human health effects of these 
contaminants.

Keywords  Road sediment · Urban pollution · 
Heavy metals · Anthropogenic spherules

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s10661-​025-​14725-9.

G. K. J. · G. M. · M. C. L. · K. M. P. S. (*) 
Department of Geology and Environmental Earth Science, 
Miami University, Oxford, OH 45056, USA
e-mail: krekelmp@miamioh.edu

G. K. J. 
e-mail: gokeykj@miamioh.edu

G. M. 
e-mail: gillism@miamioh.edu

M. C. L. 
e-mail: mcleodcl@miamioh.edu

B. K. L. 
Department of Geology and Environmental Geoscience, 
DePauw University, Greencastle, IN 46135, USA
e-mail: kennethbrown@depauw.edu

R. N. 
Department of Geoscience, University of Nevada, Las 
Vegas, Las Vegas, NV 89154, USA
e-mail: natalie.renkes@unlv.edu

K. M. P. S. 
Department of Mathematical and Physical Sciences, 
Miami University, Hamilton, Hamilton, OH 45011, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s10661-025-14725-9&domain=pdf
https://doi.org/10.1007/s10661-025-14725-9
https://doi.org/10.1007/s10661-025-14725-9


	 Environ Monit Assess           (2026) 198:5     5   Page 2 of 24

Vol:. (1234567890)

Introduction

Road sediment is a heterogeneous mixture of geo-
genic, anthropogenic, and organic material depos-
ited in or along a road, and it is present within rural, 
urban, or suburban communities (Andrews & Suther-
land, 2004; Dietrich et  al., 2019, 2022a; Flett et  al., 
2016; Khan & Strand, 2018; Teran et al., 2020). It is 
an easily accessible medium which often reflects the 
natural and anthropogenic activity of the local envi-
ronment (Abdelaal et al., 2021; Dietrich et al., 2018, 
2019, 2022a; Flett et al., 2016; O’Shea et al., 2020), 
and therefore serves as both a source and sink for 
environmental contaminants (e.g., heavy metals and 
metalloids; Buck et  al., 2013; Dietrich et  al., 2019, 
2022a; Khan & Strand, 2018; LeGalley & Krekeler, 
2013; Li et  al., 2013; Loganathan et  al., 2013; Men 
et  al., 2018; O’Shea et  al., 2020; Wiseman et  al., 
2018, 2021; Zgłobicki et  al., 2018). In this contri-
bution, the definitions of contaminant and pollutant 
outlined in Chapman (2007) are utilized. Here, a con-
taminant may be defined as any unwanted substance 
(e.g., chemical or biological) that is present in a loca-
tion where it should not be or in concentrations above 
natural background values. Additionally, a pollutant 
is defined as a contaminant that causes or may have 
the potential to cause adverse impacts to the environ-
ment and human health. Based upon these definitions, 
all pollutants are contaminants, but not all contami-
nants are pollutants.

Despite the accessibility of road sediment, it has 
been historically understudied in the United States 
(US) compared to other regions globally (i.e., Asia, 
Europe, Australia; Amato et  al., 2009; Charlesworth 
et al., 2003; Dietrich et al., 2022a; Li et al., 2013; Liu 
et  al., 2016; Men et  al., 2018). Furthermore, there 
have been few studies of road sediment in arid and 
semi-arid environments in the U.S.; instead, most 
previous studies have focused on relatively temperate 
(e.g., Ohio, Pennsylvania) and tropical regions (e.g., 
Hawaii; Allen et  al., 2024; Andrews & Sutherland, 
2004; Dietrich et  al., 2018, 2019; Flett et  al., 2016; 
LeGalley & Krekeler, 2013; LeGalley et  al., 2013; 
O’Shea et al., 2021a; Sutherland, 2003).

Las Vegas, Nevada, is an ideal setting for road 
sediment contaminant analysis as it is located in a 
semi-arid environment, receiving < 11  cm of total 
annual rainfall (Joshi et  al., 2020; Thakali et  al., 
2016). No prior studies of road sediment in the region 

have been conducted. In arid and semi-arid environ-
ments, anthropogenic and wind activity may serve 
as the primary mode of remobilization for road sedi-
ment contaminants as compared to water in more 
humid environments (Buck et al., 2011, 2013, 2016; 
Goossens et  al., 2012; Reheis & Kihl, 1995; Reheis 
& Urban, 2011; Soukup et  al., 2012). Owing to the 
drier conditions in the region, the textural and chemi-
cal properties of road sediment in arid/semi-arid envi-
ronments may have fundamentally different textural 
and chemical properties from those found in more 
humid environments. Furthermore, the introduction 
of road sediment into the atmosphere by wind activity 
and anthropogenic reworking (e.g., street sweeping) 
may facilitate inhalation or ingestion of potential con-
taminants, especially those associated with finer size 
fractions (< 10  µm), which may present a potential 
human health risk that is ultimately dependent on the 
chemical and physical nature of contaminants present 
(Fubini & Fenoglio, 2007; Laidlaw & Taylor, 2011; 
Buck et al., 2013; Wiseman & Zereini, 2014; Goos-
sens et al., 2015; Buck et al., 2016; Yang et al., 2016; 
Keil et  al., 2018; Wiseman et  al., 2021; US EPA, 
2024).

The city of Las Vegas is located in the Las Vegas 
Valley, Clark County, Nevada. This valley is a ~ 4,100 
km2 fault-bounded structural basin located within the 
Basin and Range physiographic province (Thakali 
et al., 2016; Wernicke et al., 1988). Las Vegas is cur-
rently one of the fastest-growing cities in the US, 
boasting a population of > 2 million people for the 
entirety of the Las Vegas Metropolitan Statistical 
Area (Deacon et al., 2007; Joshi et al., 2020) and hav-
ing grown from a population of ~ 1.4  M to ~ 2.3  M 
between 2000 and 2022 (USGS, 2024). Previous 
road sediment studies have documented the increased 
risk of environmental contaminant exposure in urban 
areas (Amato et  al., 2009; Apeagyei et  al., 2011; 
Dietrich et  al., 2022b; Filippelli et  al., 2005, 2015, 
2018; Haynes et al., 2020; Hwang et al., 2016; Khan 
& Strand, 2018; Yang et  al., 2023). In an area like 
Las Vegas where road sediment and dust emissions in 
the atmosphere may be exacerbated by wind or other 
anthropogenic activities (Amato et  al., 2009; Buck 
et  al., 2013; Goossens et  al., 2012, 2015; Laidlaw 
et  al., 2012; Padoan et  al., 2017; Reheis & Kihl, 
1995; Reheis & Urban, 2011; Soukup et  al., 2012), 
large populations may be exposed to a variety of road 
sediment contaminants which may cause deleterious 
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health effects in humans (Loganathan et  al., 2013; 
DeWitt et al., 2017; Keil et al., 2018; Haynes et al., 
2020; Dietrich et al., 2022b; US EPA, 2024).

The severity of the health risk from road sediment 
depends on both the chemical and physical proper-
ties of the contaminants present (Laidlaw et al., 2005; 
Fubini & Fenoglio, 2007; Laidlaw & Filippeli, 2008; 
Amato et  al., 2009; Irvine et  al., 2009; Loganathan 
et al., 2013; Wiseman et al., 2014; Yang et al., 2016; 
DeWitt et al., 2017; Khan & Strand, 2018; Wiseman 
et  al., 2018; Keil et  al., 2018; Haynes  et al., 2020; 
Wiseman et  al., 2021). Potential road sediment pol-
lutants in Las Vegas may include heavy metals and 
metalloids known to be detrimental to human health 
such as Pb, Zn, Cr, Cu, Mn, As, Ni (Laidlaw et  al., 
2005; Fubini & Fenoglio, 2007; Amato et al., 2009; 
Laidlaw & Taylor, 2011; Filippelli et al., 2015; Buck 
et al., 2016; DeWitt et al., 2017; Filippelli et al., 2018; 
Khan & Strand, 2018; Keil et  al., 2018; Dietrich 
et  al., 2019; Dietrich et  al., 2022b), anthropogenic 
spherules, and a myriad of other anthropogenically 
derived contaminants (e.g., metal shavings, paint, 
plastics), all of which have been observed in previ-
ous road sediment studies (Sutherland, 2003; LeGal-
ley et  al., 2013; LeGalley & Krekeler, 2013; Flett 
et al., 2016; Padoan et al., 2017; Dietrich et al., 2018; 
Khan & Strand, 2018; Zgłobicki et al., 2019; O’Shea 
et al., 2020; Teran et al., 2020; O’Shea et al., 2021a; 
Dietrich et al., 2022a; Allen et al., 2024). While the 
human population of Las Vegas may be exposed to 
these potential contaminants by means of ingestion, 
inhalation, or dermal contact, of these three exposure 
pathways, ingestion and inhalation are the most rapid 
methods of uptake (Laidlaw & Filippelli, 2008; Wise-
man & Zereini, 2014; Laidlaw et al., 2017; Men et al., 
2018; Dietrich et al., 2022b; US EPA, 2024). Inges-
tion of contaminants may occur via contaminated 
food and water or hand-to-mouth activity. Inhalation 
of particulate matter (PM) may also occur, with PM 
size fractions < 10 µm in diameter being the most det-
rimental to human health (Amato et al., 2009; Wise-
man et al., 2018; Wiseman & Zereini, 2014; Padoan 
et  al., 2017; Khan & Strand, 2018; Wiseman et  al., 
2021; US EPA, 2024).

Overall, the availability of road sediment to serve 
as a source and sink of a wide array of contaminants 
contributed from a large area makes source identifica-
tion challenging, and the lack of study of road sedi-
ment in arid environments makes Las Vegas a prime 

location for a detailed investigation. Additionally, 
the road sediment contaminants may fundamentally 
differ in their textural and chemical nature in arid 
environments as compared to more humid climates. 
Thus, geochemical and mineralogical characteriza-
tion of sediment is imperative to address the gap in 
arid and western US road sediment literature, as well 
as provide further insight into pollutants in the region 
to better assess potential environmental and human 
health risk and provide suggestions for future road 
sediment investigation in the region and throughout 
arid environments globally.

Methods

Sampling

Forty-six road sediment samples were collected near 
road curbs in Las Vegas, Henderson, and Boulder 
City, Nevada, over the course of several days during 
the COVID-19 pandemic (September 2020; Fig.  1, 
Supplemental Figures, Table  1). Ten were collected 
from North Las Vegas (NLV), ten from Boulder City 
(BC), ten from Henderson (H), twelve from the Las 
Vegas Strip (LVS), and four from West Las Vegas 
(WLV). Sampling locations included locations asso-
ciated with the following: dual-triple-lane highways, 
dual-triple-lane highway 4-way intersections, resi-
dential areas and associated parking lots, business-
dominated areas and associated parking lots, areas 
along roads with and without painted markings, roads 
beneath bridges, roads adjacent to urban-dominated 
landscapes, roads adjacent to desert-dominated 
landscapes (± vegetation cover), roads adjacent to 
community parks, roads paralleled by sidewalks, 
and those with and without medians (variably veg-
etated). All 46 road sediment samples were collected 
using plastic spoons to scoop street sediment into 
clear plastic sampling bags, and each sample was 
derived from within a < 0.05m2 sampling area. Plas-
tic collection utensils were used to avoid metal con-
tamination. New plastic spoons were used at each 
sampling location to prevent cross-contamination. 
Following shipping, all 46 samples were dried in an 
oven at 52  °C for 24 h to remove moisture. Follow-
ing drying, samples were sieved using a 500 µm brass 
sieve and placed in separate sample bags based on 
their size fractions. This was done to reduce sample 
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heterogeneity by removing large gravel and vegeta-
tion debris.

Twenty-nine samples were selected for compre-
hensive characterization via SEM. The finest sample 
fraction (< 500  µm) was selected for SEM analysis 
because it contains particles that are easily ingested 
or inhaled (US EPA, 2024). Additionally, the 29 sam-
ples selected for SEM represent a broad swath of road 
sediment locations within the Las Vegas region, as 
sediment samples from all five sampling regions were 
included for analysis. Selected sediment samples 
were mounted on aluminum scanning electron micro-
scope (SEM) stubs via carbon adhesive tabs, and fol-
lowing initial mounting, were carbon coated to reduce 
electron charging during imaging.

SEM analyses were conducted using a Zeiss Supra 
35 VP field emission scanning electron microscope 

(FE-SEM) at the Miami University Center for 
Advanced Microscopy and Imaging (CAMI). Analy-
ses were completed using nitrogen (N2) as the com-
pensating gas in variable pressure (VP) mode typi-
cally ranging from 25–90 Pa to help further mitigate 
electron charging. The SEM is equipped with a back-
scatter detector (BSD) and an energy dispersive spec-
trometer (EDS; EDAX2000). The elemental detection 
limit for EDS is approximately 0.1 wt% for most ele-
ments (e.g., Allen et al., 2024; Dietrich et al., 2019; 
Krekeler et  al., 2010). Images were taken in BSD 
mode to better identify heavy elements within sample 
material. Following imaging, EDS analysis of sample 
material allowed for the acquisition of basic chemi-
cal composition data for particles of interest in road 
sediment samples. A combination of VP, high volt-
age (25  kV), and the BSD imaging mode improves 

Fig. 1   Map for all road sediment sampling sites in Boulder 
City (red), Henderson (blue), Las Vegas Strip (green), North 
Las Vegas (pink), and West Las Vegas (yellow). GPS coordi-

nates for all sample sites are given in Supplemental Figures 
Table 3, Scanning electron microscopy (SEM)
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the user’s ability to discriminate between particles 
with higher average atomic numbers and those with 
low atomic numbers, resulting in better identification 
of metal-rich particles (e.g., Ti, Cr, Fe, Ni, Cu, Zn, 
and Pb).

The SEM instrumentation and parameters 
described above have been used extensively in previ-
ous investigations of a wide variety of sample matri-
ces (e.g., Krekeler et  al., 2010; Barrett et  al., 2011; 
Schellenbach & Krekeler, 2012; Varma Sinha  et al., 
2015; Barnes et al., 2020; Cymes et al., 2020; Klein 
& Krekeler, 2020; Lindeman et  al., 2020; Oglesbee 
et  al., 2020; Cymes et  al., 2021; Flett et  al., 2021; 
O’Shea et al., 2021b).

Transmission electron microscopy (TEM)

Seventeen road sediment samples from all five sam-
pling areas were selected for bright field transmission 
electron microscopy energy dispersive spectroscopy 
(BF-TEM-EDS). Selected samples were prepared via 
suspension by first placing a small amount (< 1  g) 
of < 50  µm road sediment into a glass vial and add-
ing approximately 2 mL of 100% denatured ethanol. 
Suspensions were agitated for 5 min by hand and then 
allowed to sit for 1 min to allow larger particles to set-
tle. The finest sediment suspension material was then 
pipetted from the vials and applied to 3.0 mm lacey 
carbon-supported copper grids. Sediment suspen-
sion concentrations varied depending on the primary 
makeup of the sample (e.g., samples with excess 
biological material needed more sediment added to 
the vials to produce satisfactory suspensions). Over-
all, these ethanol suspension preparations resulted 
in numerous particles deposited in a well-dispersed 
manner on the copper grids.

Bright field TEM analyses were acquired using a 
JEOL JEM 2100 TEM operated at 200 keV in bright 
field TEM mode at Miami University’s CAMI facil-
ity. The TEM is equipped with a LaB6 electron 
source, a JEOL Bright Field TEM detector, and a 
Bruker Quantax 200 STEM EDXS system, which 
were all used extensively for sample analysis. TEM 
images were collected for all particles observed 
with EDXS, and selected area electron diffraction 
(SAED) was also collected when the appropriate 
thickness and degree of crystallinity in the particle 
were met.

The FE-SEM and TEM-EDS preparation methods 
described above have been used extensively in previous 
mineralogical and sedimentological studies (Krekeler 
et  al., 2010; Barrett et  al., 2011; Buck et  al., 2013; 
LeGalley & Krekeler, 2013; White et al., 2014; Cymes 
et al., 2017, 2020; Paul et al., 2017; Dietrich et al., 2018, 
2019; Murchland et al., 2024; Jenkins et al., 2024).

X‑Ray fluorescence spectroscopy (XRF)

Elemental concentrations of major, minor, and 
trace elements of all 49 sediment samples were 
acquired using a Bruker TRACER 5G handheld 
p-XRF at DePauw University, Indiana. The p-XRF 
is equipped with a rhodium source (Rh), a gra-
phene window, a silicon drift detector (SDD), 
and an 8  mm collimator. Sieved sample material 
(< 500 µm) was utilized for all 49 sediments to min-
imize the amount of gravel and vegetation within 
each sample as well as to create a uniform particle 
distribution. This approach is similar to that method 
outlined in Laperche & Lemière (2021).

All 46 road sediment samples were analyzed via 
p-XRF under atmospheric conditions. Each sample 
was analyzed a minimum of five times at 60  s per 
run (30  s at 45 kV, 30  s at 20 kV) using a Funda-
mental Parameters (FP) two-phase Heavy Metals 
and Nutrients in Soils/Sediment calibration. This 
p-XRF configuration is capable of producing char-
acteristic X-rays of elements ranging from sodium 
(Na) to uranium (U). Analysis was completed by 
measuring approximately 4–5  g of 500  µm sedi-
ment material onto a 4.0 µm thick Prolene thin-film, 
which was then placed directly over the p-XRF 
analysis window. Prolene thin-film was replaced 
after the analysis of each sample to prevent cross-
contamination between samples. Both accuracy and 
precision were maintained by analyzing standard 
materials JSd-1 and JSd-2 (Geochemical Survey of 
Japan Reference Materials; Imai et al., 1996), both 
of which had known elemental values. Bulk XRF 
concentrations for all street sediment samples and 
standards, JSd-1 and JSd-2, are reported in Sup-
plemental Figures Table  2. Manufacturer-stated 
limits on detection (LOD) are Ti (0.022 wt%); V 
(2 ppm); Cr (5 ppm); Ni (< 5 ppm); Cu (< 5 ppm); 
Zn (< 5 ppm); As (< 5 ppm); Pb (< 5 ppm).
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Geoaccumulation indices (Igeo)

The geoaccumulation index (Igeo) was originally intro-
duced by Müller (1969) to measure contamination 
levels of heavy metals in stream sediments; however, 
this technique may also be utilized in the context of 
soils and sediments, including road sediment material 
(Yaqin et al., 2008; Barbieri, 2016; Trujillo-González 
et al., 2016; Dietrich et al., 2022a). The Igeo classifi-
cation system is designed to rank each element from 
a given sample on a six-point class scale wherein 
Igeo ≤ 0 material = unpolluted; 0 ≤ Igeo ≤ 1 = unpolluted 
to moderately polluted; 1 ≤ Igeo ≤ 2 = moderately pol-
luted; 2 ≤ Igeo ≤ 3 = moderately to strongly polluted; 
3 ≤ Igeo ≤ 4 = strongly polluted; 4 ≤ Igeo ≤ 5 = strongly 
to extremely polluted; and Igeo > 6 material is 
extremely polluted (e.g., Abdullah et al., 2020; Haris 
et al., 2017; Looi et al., 2019).

Geoaccumulation index (Igeo) values were calcu-
lated (Eq. 1) to determine the extent of major, minor, 
and trace element contamination of Las Vegas road 
sediment material.

where Cn is the bulk XRF measured concentration of 
a given element within road sediment material and 
Bn is the concentration of a reference material. Bulk 
p-XRF elemental concentrations of the 46 Las Vegas 
road sediment samples were compared to average 
elemental concentrations for topsoil samples (n = 20; 
depths < 5  cm) from the Las Vegas region (from 

(1)Igeo = log2

(

Cn

1.5Bn

)

Smith et  al., 2013). The average topsoil concentra-
tions of selected heavy metals and metalloids (e.g., 
V, Cr, Ni, Cu, Zn, As, and Pb) were used to repre-
sent regional background concentrations (Bn). Upper 
continental crust (UCC) elemental concentrations of 
selected metals and metalloids as determined in Rud-
nick & Gao (2003)  were also utilized in calculating 
Igeo for the Las Vegas region. Although topsoil ele-
mental concentrations from Smith et  al. (2013) bet-
ter reflect the regional background concentrations, 
the Rudnick & Gao (2003) Igeo values place the Las 
Vegas road sediment data into a broader global con-
text. These data are presented in Supplemental Fig-
ures, Fig. 1 and Table 3. This approach for determin-
ing the geoaccumulation index for road sediments has 
been used in previous studies (Li et  al., 2013; Flett 
et al., 2016; Dietrich et al., 2018).

Results

Scanning electron microscopy (SEM)

SEM–EDS techniques show several contaminants 
within road sediment samples that include heavy met-
als/metalloids, metal shavings, and anthropogenic 
spherules.

Heavy metal and metalloid-bearing particles iden-
tified with SEM are typically anhedral in nature and 
vary in size from ~2 µm to >100 µm (Fig. 2). While 
most heavy metal-bearing particles occur as discrete 
grains (Fig.  2a-b), some of the smallest size frac-
tions (<10 µm) occur as aggregates of multiple small 

Table 2   Calculated average Igeo values using Smith et  al. 
(2013) topsoil elemental concentrations near the Las Vegas 
region for selected elements for each sampling region of Las 

Vegas. The average Igeo value for each element for the entire 
Las Vegas Area is given, as well as the minimum and maxi-
mum Igeo values and standard deviation

V Cr Ni Cu Zn As Pb

BC Average −0.36 −0.94 −2.04 −0.06 1.86 −2.70 −0.97
H Average 0.27 −0.76 −1.89 0.61 2.75 −2.90 −1.20
WLV Average −0.08 −1.01 −2.26 1.00 2.51 −2.22 −1.75
LVS Average −0.01 −0.86 −2.36 0.83 3.00 −3.04 −0.35
NLV Average −0.22 −1.13 −2.44 −0.08 2.01 −3.15 −1.41
Average Whole City −0.08 −0.94 −2.20 0.46 2.43 −2.80 −1.14
Min −1.63 −1.60 −2.97 −1.47 0.55 −4.06 −2.06
Max 1.66 −0.17 −1.37 3.04 5.05 −1.21 0.83
St Dev 0.64 0.39 0.42 1.12 1.17 0.54 0.72
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particles (Fig. 2c-d). Energy dispersive spectroscopy 
(EDS) analyses reveal that these metal-bearing parti-
cles are rich in Fe, Cr, V, Cu, Ni, and Zn, with minor 
amounts of Pb.

In addition to heavy metals, anthropogenically 
derived metal shavings are also present in Las Vegas 
road sediment samples. These particles vary in size 
from < 40  µm to > 200  µm in length, and approxi-
mately 30  µm to 100  µm in width, with a range of 
70 µm to 100 µm occurring most often (Fig. 3). Metal 
shaving textures show that they are generally anhedral 
with hackly fractures, jagged edges, and surface tex-
tures consistent with that of abrasion. Longer shav-
ings (length > 100 µm) are curled, and their surfaces 
are typically smooth with grooves etched into them 
(Fig. 3b-c). Minor pitting is observed on the surfaces 
of most shavings, and pits are typically < 10  µm in 
diameter. All metal shavings identified with SEM are 
enriched in Fe and contain Mn, as indicated by minor 
EDS peaks (Fig. 3). Cr is frequently present in metal 
shaving EDS spectra (Fig.  3a, b, d). Ni and Cu are 
observed less frequently (Fig. 3a).

Anthropogenic spherules are observed in all 29 
road sediment samples characterized via SEM–EDS. 
These spherules frequently vary in size from ~2  µm 
to >100 µm in diameter (Figs. 4 and 5). Two distinct 
populations of spherules are identified, with one being 
enriched in Si (Fig.  4) and the other enriched with 
Fe (Fig.  5). Si-rich spherules have smooth, glassy 
surface textures and commonly display conchoidal 
fractures and minor surface pitting (Fig.  4). These 
glassy spherules are primarily composed of Si and O 
with major amounts of Ca; they do not contain heavy 

metals above EDS detection limits (0.1 wt%; Fig. 4). 
Fe-rich spherules exhibit glassy surface textures 
(Fig. 5a), as well as dendritic and skeletal growth pat-
terns (Fig. 5b-d). Those with dendritic patterns occur 
more often. All Fe-rich spherules are enriched with 
Fe and O and contain variable amounts of Si and Ca. 
All spherules with dendritic and skeletal growth pat-
terns contain minor Mn (Fig. 5b-d); however, Fe-rich 
glassy spherules do not contain Mn higher than the 
EDS detection limit (0.1 wt%; Fig. 5a).

Transmission electron microscopy (TEM)

Bright field TEM data indicate that heavy metals, 
metalloids, and other anthropogenic contaminants are 
present in Las Vegas road sediment (Fig. 6). In these 
samples, Fe and Mn-oxides are abundant (Fig. 6a-b), 
and they are commonly associated with other metals 
such as Zn, Mn, Cr, and V. Other metal-bearing par-
ticles are also identified (Fig.  6c), and are typically 
enriched in Fe with varying amounts of Ti, Cr, and V 
present. While Cu may also be present, the use of Cu 
grids for analysis prohibited the identification of Cu 
within road sediment in TEM. Despite the ubiquitous 
presence of anthropogenic spherules in SEM analy-
ses, no spherules were successfully identified using 
TEM techniques.

X‑Ray fluorescence spectroscopy (XRF)

Concentrations of heavy metals and metalloids 
(e.g., V, Cr, Ni, Cu, Zn, As, Pb, Ti) in Las Vegas 
road sediment as determined using p-XRF are given 

Table 3   Calculated average Igeo values using Rudnick & Gao 
(2003) upper continental crust (UCC) and road sediment ele-
mental concentrations near the Las Vegas region for selected 
elements for each sampling region of Las Vegas. The average 

Igeovalue for each element for the entire Las Vegas Area is 
given, as well as the minimum and maximum Igeo values and 
standard deviation

V Cr Ni Cu Zn As Pb

BC Average −1.49 −2 −2.12 0.6 1.27 0.51 0.41
H Average −0.86 −1.81 −1.98 1.5 2.32 0.27 0.18
WLV Average −1.21 −2.07 −2.34 1.66 1.92 0.99 −0.37
LVS Average −1.14 −1.91 −2.44 1.49 2.41 0.17 1.03
NLV Average −1.35 −2.18 −2.52 0.58 1.42 0.06 −0.03
Average Whole City −1.21 −1.99 −2.28 1.17 1.87 0.4 0.25
Min. −2.76 −2.65 −3.05 −0.81 −0.04 −0.85 −0.67
Max. 0.53 −1.23 −1.45 3.7 4.45 2 2.21
St. Dev. 0.64 0.39 0.42 1.12 1.17 0.54 0.72
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in Table 1. Concentrations falling below the instru-
ment detection limit are denoted as BDL. Statisti-
cal analysis conducted using a backward step linear 
regression model shows that a strong positive corre-
lation exists between Zn and Cu (R2 = 0.830) when 
outliers in the dataset are included, and a moder-
ate positive correlation after outliers are excluded 
(R2 = 0.566) (Fig. 7). V and Ti show a strong posi-
tive correlation both with and without outliers, with 

Pearson correlation coefficients of 0.887 and 0.801 
respectively (Fig. 8).

All road sediment samples analyzed have Cu and 
Zn concentrations which are higher than regional 
average background topsoil elemental concentrations 
as determined by Smith et al. (2013). Concentrations 
of V, Cr, Ni, As, and Pb in road sediment show more 
variability in that not all road sediment samples ana-
lyzed have concentrations which are higher than those 

Fig. 2   SEM BSD images 
and respective EDS spectra 
of road sediment particles 
containing heavy metals. a) 
Pb-rich particle contain-
ing minor Mn and Fe. b) 
Pb-rich particle surrounded 
by Si-rich detrital grains. 
c) Fe-rich particle bearing 
minor Cu and Zn sur-
rounded by Si and Ca-rich 
detrital grains. d) Pb-rich 
particle surrounded by Si-
rich detrital grains
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of regional topsoil background (Table 1; Smith et al., 
2013).

Geoaccumulation indices (Igeo)

Geoaccumulation indices (Igeo) were calculated using 
the Müller (1969) method for sampled Las Vegas 
road sediment using Smith et  al. (2013) topsoil ele-
mental concentrations for background elemental 

concentrations (Figs.  9, and 10, Table  1, 2). Upper 
continental crust (UCC) elemental concentrations 
were also utilized for comparative analysis (Rudnick 
& Gao, 2003; Supplemental Figures, Fig. 1, Tables 3, 
and 4).

Calculated Igeo values for Cr, Ni, As, and Pb for 
all five areas of Las Vegas are below zero, indicating 
that these metals are not significantly enriched in road 
sediments relative to Smith et al. (2013) background 

Fig. 3   SEM BSD images 
and respective EDS spectra 
of anthropogenic metal 
shavings in Las Vegas road 
sediment. a) Fe-rich metal 
shaving bearing Cr, Mn, 
Ni, and Cu surrounded 
by Si-rich detrital grains. 
b) Fe-rich metal shaving 
bearing minor Mn and 
Cr surrounded by Si-rich 
detrital grains. c) Fe-rich 
metal shaving containing 
minor Mn. d) Fe-rich metal 
shaving containing minor 
Cr and Mn



Environ Monit Assess           (2026) 198:5 	 Page 11 of 24      5 

Vol.: (0123456789)

concentrations (Figs.  9, and 10; Table  2). Based on 
the calculated Igeo values, V is also not considered a 
major pollutant in all areas of Las Vegas, with aver-
age Igeo values falling below zero in four of the five 
sampling areas. The Henderson area is the only loca-
tion that has an average Igeo value for V above zero 
(Igeo = 0.27; Fig.  10; Table 2). Calculated Igeo values 
for Cu indicate that it is enriched in Las Vegas road 
sediment relative to background concentrations in 
three of the five sampling locations (Fig. 10; Table 2). 
The Boulder City and North Las Vegas areas are the 
only two locations that have average Igeo values for Cu 
that fall below zero. All other locations (e.g., West 
Las Vegas, Las Vegas Strip, Henderson) have Igeo 
values between zero and one (e.g., 0 < Igeo < 1), indi-
cating that these areas are unpolluted to moderately 
polluted with respect to Cu (Table 2). Four of the five 
areas in Las Vegas have calculated Igeo values above 

two (e.g., 2 < Igeo < 3), indicating that Zn is a moder-
ate to strong pollutant. The Boulder City area is the 
only exception to this, with a calculated Igeo value for 
Zn between one and two (Igeo = 1.86; Table 2), indi-
cating that Boulder City is moderately polluted.

Discussion

Analysis via SEM EDS confirms the presence of 
heavy metals and metalloids such as V, Cr, Ni, Cu, 
Zn, and Pb in an array of different particles in all road 
sediment samples from all sampling locations (e.g., 
metal shavings, spherules; Figs. 2, 3, 4, and 5). How-
ever, contaminant types varied widely between each 
sediment sample analyzed, and while some contami-
nants (e.g., metal shavings) were identified in some 
samples, they were not observed in all samples. TEM 

Fig. 4    SEM BSD images 
with representative EDS 
spectra of glassy techno-
genic spherules identified in 
Las Vegas road sediment. 
Spherules are rich in Si and 
contain Na, Ca, and Fe. a) 
80 μm spherule displaying 
minor pitting on its surface. 
b) Approximately 80 μm 
spherule. c) Approximately 
400 μm spherule showing 
little evidence of mechani-
cal abrasion
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EDXS analysis further confirms the presence of V, 
Cr, and Ni in metal-bearing particles. These parti-
cles are interpreted to be corroded steel; however, 
further analyses are needed to confirm this. Mn- and 
Fe-oxides are observed in samples from all different 
sampling locations; however, Cu could not be une-
quivocally identified in particles using this technique 
due to the contribution of Cu from the sample grids. 
Similar to observations via SEM EDS, contaminants 

in each sample determined using TEM EDXS var-
ied in that the same types of contaminants were not 
observed in all road sediment samples.

Consistent with other road sediment studies (e.g., 
Flett et al., 2016; LeGalley & Krekeler, 2013; O’Shea 
et  al., 2021a), some Pb-bearing particles identi-
fied in this study using SEM EDS are anhedral and 
appear to form aggregates of multiple smaller parti-
cles. Unlike these previous investigations, however, 

Fig. 5    SEM BSD images 
with representative EDS 
spectra of metal-rich tech-
nogenic spherules identified 
in Las Vegas road sediment. 
All of these spherules are 
enriched in Fe and contain 
Si and Ca. a) Degraded 
glassy metal-bearing 
spherule approximately 30 
μm in diameter. b) This 
spherule is approximately 
20 μm in diameter with 
visible crystal bounda-
ries. c) Approximately 
70 μm diameter spherule 
displaying dendritic surface 
textures. d) Approximately 
25 μm spherule displaying 
visible crystal boundaries 
between dendritic crystals 
and spinel textures
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few Pb-bearing particles identified exceeded 20  μm 
in diameter (Fig. 2a, b, d). Particles containing other 
metals such as Cu and Zn are generally similar in 
nature to the Pb-particles identified in that they rarely 
exceed 10  μm and appear as aggregates of smaller 
particles (Fig.  2c). When observed using TEM 
EDXS, Fe and Mn-oxides are prominent and are com-
monly associated with other metals such as Cr, Mn, 
Zn, and Ni (Fig.  5). It is possible that Cu was also 
present in these particles; however, due to the use of 
Cu grids, identification of Cu within sample material 
was not possible. Accompanying XRF data has, how-
ever, confirmed the presence of Cu in all road sedi-
ment samples.

Bulk analysis of all road sediment samples via 
XRF confirms the variable presence of Cu and Zn. 
Concentrations of V, Cr, Ni, As, and Pb are also 
variable, with several road sediment samples exhibit-
ing concentrations of these elements that fall below 
instrument detection limits (Table  1). Although the 
presence of these metals has been confirmed in all 
regions of Las Vegas in certain samples, Igeo analy-
sis indicates that only Zn and Cu should be consid-
ered significant pollutants in the greater Las Vegas 
metropolitan area. These elements have average Igeo 

values of 0.46 and 2.43 respectively, and all Cu and 
Zn concentrations as measured by XRF exceed back-
ground topsoil concentrations as determined in Smith 
et al. (2013; Tables 1, and 2, Figs. 9, and 10). Overall, 
these Igeo values indicate that the region is unpolluted 
to moderately polluted (0 < Igeo < 1) with respect to 
Cu, and moderately to strongly polluted (2 < Igeo < 3) 
with respect to Zn (Table 2, Figs.8, and 9). The des-
ignation of these elements as major road sediment 
pollutants is consistent with classifications in previ-
ous studies conducted in the US and other countries 
(Andrews & Sutherland, 2004; Amato et  al., 2009; 
Apeagyei et al., 2011; Li et al., 2013; Liu et al., 2016; 
Flett et  al., 2016; Men et  al., 2018; Dietrich et  al., 
2018; Dietrich et al., 2019; O’Shea et al., 2020).

Regionally comparative studies such as Keil et al. 
(2016) and DeWitt et al. (2017), which analyzed two 
dust samples from Nellis Dunes Recreational Area 
using inductively coupled plasma mass spectrometry 
(ICP-MS), report higher concentrations of Cu and Zn 
in topsoil as compared to Smith et al., (2013; Supple-
mental Figures, Table 4). However, Cu concentrations 
in road sediment still exceed those reported by Keil 
et al. (2016) in 98% of samples and by DeWitt et al. 
(2017) in 89% of road sediment samples analyzed. Zn 

Fig. 6    TEM images of a 
metal-bearing particle and 
Mn and Fe-oxides identified 
within Las Vegas road sedi-
ment with their respective 
diffraction patterns and 
EDXS spectra. Note that the 
Cu peak is likely due to the 
use of lacy carbon copper 
grids for sample analysis. a) 
Mn-oxide aggregate bearing 
major amounts of Fe, Al, 
and Si, with Minor Ca, Cr, 
and Zn present. b) Fe-oxide 
aggregate containing major 
amounts of Cr and minor 
Mn, Ni, and Si. c) Corroded 
steel particle rich in Fe and 
bearing minor Si, V, and Cr
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Fig. 7   Cu vs. Zn linear regression plot showing a strong positive correlation between the two metals (R2 = 0.6893)

Fig. 8   V vs. Ti linear 
regression plot showing a 
strong positive correlation 
between the two metals (R2 
= 0.7868)
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Fig. 9   Average Igeoval-
ues for selected elements 
across the entire Las Vegas 
region for all road sediment 
samples calculated from 
Smith et al. (2013) topsoil 
elemental concentrations

Fig. 10   Average Igeo values 
calculated for each sam-
pling region using Smith 
et al. (2013) background 
topsoil concentrations for 
the Las Vegas area

Table 4   Average elemental concentrations for the upper continental crust and of geogenic background material from locations near 
Las Vegas, Nevada

Fe2O3 concentrations were not reported in these studies

Va Cra Nia Cua Zna Asa Pba TiO2
b

Rudnick & Gao (2003) Upper Continental Crust 97 92 47 28 67 4.8 17 0.64
Smith et al. (2013) Nevada Topsoil 44.4 22.5 13.25 13.7 54 6.7 20.1 0.25
Keil et al. (2016) Nellis Dunes CBN 3 62 44 Not reported 32 94 17 23 Not reported
DeWitt et al. (2017) Nellis Dunes CBN 4 100 54 Not reported 37 135 71 34 Not reported
aConcentration in ppm; bConcentration in wt%
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shows a similar trend, with concentrations exceed-
ing those reported by Keil et  al. (2016) in 100% of 
samples and by DeWitt et al. (2017) in 85% of sam-
ples. Winds in the Nellis Dunes area typically blow 
from the northeast between the months of November 
and March and from the south through the months of 
April to September (Goossens & Buck, 2009), and 
thus it is possible that dust from Nellis Dunes contrib-
utes to Zn and Cu concentrations in Las Vegas road 
sediment. Despite being a potential contributor of Zn 
and Cu to the Las Vegas area, the recreational area 
is not likely the primary source of these elements in 
road sediment (DeWitt et al., 2017; Keil et al., 2016).

Overall, results from this work show that Zn is 
the most abundant metal pollutant in Las Vegas road 
sediment followed by Cu, with all Zn and Cu concen-
trations in road sediment exceeding the average con-
centration of these metals in regional topsoil (Smith 
et  al., 2013). Anthropogenic sources of Zn in urban 
areas are typically traced back to vehicular activity, 
and existing literature has commonly attributed Zn 
and Cu enrichment to tire and brake wear, with Zn 
also being attributed to motor oil (Davis et al., 2001; 
Andrews & Sutherland, 2004; Irvine et  al., 2009; 
Apeagyei et  al., 2010; Li et  al., 2013; Hwang et  al., 
2016).

Consideration of the coefficients of determina-
tion (R2) confirms that Zn and Cu have a moderate 
(R2 = 0.320 excluding outliers) to strong positive cor-
relation (R2 = 0.641 with outliers included; Fig.  7a). 
Zn and Cu also record the highest average Igeo values 
overall; thus, this correlation is interpreted as demon-
strating a common point of origin for these two met-
als (e.g., vehicular activity; Andrews & Sutherland, 
2004; Wiseman et al., 2021). Vehicular activity may 
not be the only contributor of Cu and Zn in road sedi-
ment, and other potential sources of these elements 
should be considered. For example, the Three Kids 
Mine, located approximately 4  km NE of Hender-
son and 11 km NW of Boulder City, may contribute 
Zn as well as other metals and metalloids (i.e., Cu, 
As, Pb) to road sediment in these localities more so 
than other surrounding Las Vegas regions. Park et al. 
(2014) documented that mine tailings at the Three 
Kids Mine had concentrations of Cu (260 ppm) and 
Zn (2050 ppm) exceeding background concentrations 
of < 50 ppm and 69 ppm, respectively. Although wind 
directions typically come from the southwest (away 
from Henderson and Boulder City), this abandoned 

mine site cannot be discounted as a source of these 
metals in the Henderson region (Park et al., 2014).

Other anthropogenic sources of Cu and Zn may 
include steel, brass, and bronze manufacturing, 
paints, ceramics, etc. (ATSDR, 2005; ATSDR, 2022). 
Initial identification of Zn-bearing particles via SEM 
and TEM has shown that Zn tends to occur with other 
metals such as Mn and Fe as well as Cu (Fig.  2c). 
Fe and Mn-oxides are known to occur together in 
the environment and often undergo redox cycling, 
which may cause changes in the valence states of Fe 
and Mn (Li et al., 2024; Liu et al., 2022). Although 
the oxidation states of these elements are unknown 
in this study, Zn may occur as a constituent of the 
Fe- and Mn-oxides or other clay minerals identified 
in the region (i.e. sepiolite, palygorskite), as Zn has 
the potential to adsorb to the surface of these miner-
als over a wide range of environmental conditions 
(Parker et al., 1978; García-Sánchez et al., 1999; Keil 
et  al., 2016; Komárek et  al., 2018; Li et  al., 2024). 
Cu-bearing particles identified using SEM may occur 
with a wide range of metals such as Pb, Ti, Mn, 
and Fe; therefore, suggesting that Cu and Zn do not 
always occur together and are thus not only derived 
from vehicular activity (Fig. 2a, c).

Other heavy metals such as V, Cr, Ni, and Pb, 
along with the metalloid As, were detected using 
SEM and TEM analyses. Long-term or acute expo-
sure to any of these metals may cause deleterious 
health effects in humans, and enrichment of these 
metals in road sediment may be cause for concern.

Though rarely identified using SEM, V is con-
firmed to be present in all but three road sediment 
samples analyzed by XRF (Table 1), and V concen-
trations are found to be higher than regional topsoil 
elemental concentrations (Smith et  al., 2013) in 36 
samples analyzed. V was also rarely observed using 
TEM EDXS techniques, and where observed, occurs 
with other metals such as Fe and Cr (Fig. 6c). Over-
all, the lack of observable V-bearing particles using 
SEM and TEM may be due to V being present in con-
centrations lower than the detection limits for both 
instruments. Statistical analysis shows that V and Ti 
have a strong positive correlation both with outli-
ers included (R2 = 0.787) and excluded (R2 = 0.642) 
from the dataset (Fig. 8). Average V and Ti concen-
trations are higher in Henderson in comparison to 
all other sampling regions, and this may be due to Ti 
alloy manufacturing which is prevalent in the region 
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(TIMET,  2024). Other sources of V in the environ-
ment may include vehicles or ceramics (ATSDR, 
2012). Geogenic Fe-V-Ti oxides are assessed to not 
be very likely or major contributors to the TiO2-V 
trend because of a lack of correlation (R2 = 0.08) of 
V and TiO2 with Fe2O3 concentrations. Ti and petro-
leum material in the road system are independent, and 
thus V and Ti concentrations in road sediment con-
servatively appear to be influenced by anthropogenic 
alloys.

While Cr may be derived from natural sources in 
and around Las Vegas (DeWitt et al., 2017; Keil et al., 
2016, 2018), it may also be derived from anthropo-
genic sources such as industrial activity and paints 
(ATSDR, 2012; Dietrich et  al., 2022b). Cr occurs 
primarily as Cr(0), Cr(III), or Cr(VI), and although 
small amounts of Cr(III) are essential for human 
health, exposure to Cr(VI), a well-known carcinogen, 
may result in negative health effects (ATSDR, 2012). 
The oxidation state of Cr in Las Vegas road sediment 
is unknown; however, Cr(VI) may be derived from 
sources such as stainless steel, chrome plating, yellow 
road paint, or other ferrochromium alloys (ATSDR, 
2012; White et  al., 2014; Dietrich et  al., 2022b). 
Several metal shavings and steel particles identified 
using SEM and TEM in this study contained Cr. The 
valence state of this Cr cannot be determined through 
SEM, TEM, or XRF analyses; however, Cr(0) is typi-
cally used to aid in the corrosion resistance of steel, 
and when corrosion does occur, Cr(III) is the pri-
mary ion released into the environment, which is not 
considered a human health hazard (British Stainless 
Steel Association, 2024). Despite this, Cr(III) may 
be converted to Cr(VI) during heating in the pres-
ence of oxygen (Apte et al., 2006). Cr(VI) may also 
enter the environment through the degradation of 
PbCrO4-based yellow road paint, which has been 
shown to have been used in various locations in the 
US (e.g., OH, PA) (Dietrich et  al., 2022a, 2022b; 
Flett et al., 2016; O’Shea et al., 2021a, 2021b; White 
et  al., 2014). PbCrO4-based road paint has a poorly 
constrained history of use, and no studies have been 
completed on the presence of this paint in Las Vegas; 
thus, further investigation of yellow road paint in Las 
Vegas is warranted in order to better identify sources 
of Cr(VI) and Pb in the environment.

Pb-bearing particles are interpreted as being 
elemental Pb due to similarities in textural charac-
teristics observed in other studies that examine road 

sediment (Dietrich et  al., 2019; Flett et  al., 2016; 
LeGalley & Krekeler, 2013). Dietrich et  al. (2022a) 
demonstrated that in road sediment studies completed 
after 1990 in the US, Pb concentrations decreased 
significantly, which is likely due to the ban of leaded 
gasoline in automobiles. However, Pb is known as a 
“legacy pollutant”, meaning that it takes many years 
to break down and will remain present in the envi-
ronment for decades. Thus, leaded gasoline could be 
a potential source for the elemental Pb present in the 
road sediment. Nevada is also one of nine US states 
that has not banned leaded tire weights; thus, these 
may also be a possible source of elemental Pb pre-
sent in the Las Vegas region (Ayuso & Foley, 2020; 
Hwang et  al., 2016). Overall, traffic density may 
affect the presence of elemental Pb, as previous stud-
ies have noted an increase in heavy metal pollution 
of road sediment in high traffic areas (Andrews & 
Sutherland, 2004; Apeagyei et al., 2011).

Although Pb is present in Las Vegas road sediment, 
bulk concentrations are lower than those reported in 
other recent studies of road sediment in the US (e.g., 
Dietrich et  al., 2022b; LeGalley & Krekeler, 2013; 
O’Shea et al., 2021a, 2021b). One potential explana-
tion for this could be that these recent studies have all 
been conducted in areas of the US (e.g., Ohio, Penn-
sylvania, and Indiana) which have had an extensive 
history of industrial activity such as coal-burning 
power plants and metal manufacturing (LeGalley 
et  al., 2013; Flett et  al., 2016; Dietrich et  al., 2018; 
O’Shea et al., 2021a; Allen et al., 2024).

In addition to Cr and Pb in Las Vegas road sedi-
ment, the presence of As in road sediment may be 
attributed to the presence of Mn- and Fe-oxide/oxy-
hydroxide minerals, which are known to adsorb As 
(Soukup et  al., 2012). Dusts from the Nellis Dunes 
Recreational Area, located 15 miles northeast from 
the center of Las Vegas, may also contribute to As 
enrichment in road sediment, as previous literature 
has shown elevated levels of As in dusts from Nel-
lis Dunes as compared to regional background topsoil 
concentrations (DeWitt et al., 2017; Goossens et al., 
2015; Keil et  al., 2016; Soukup et  al., 2012). Smith 
et al. (2013) found that average As concentrations in 
topsoil (~ 77 ppm) from around the greater Las Vegas 
region are lower than concentrations noted in Goos-
sens et  al. (2015) (< 10  ppm up to ~ 7058  ppm). In 
36 out of 46 road sediment samples analyzed in this 
study, As concentrations exceeded the Smith et  al. 
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(2013) average background As concentrations, but 
none exceeded the upper concentration limit as deter-
mined by Goossens et  al. (2015). Therefore, while 
some As may be attributed to dust derived from Nel-
lis Dunes, it does not appear to be a major source of 
As as a contaminant in road sediment in this study. 
Another source of As in the region may be attributed 
to salts and acid rock drainage from decorative water-
efficient landscaping rock containing an abundance of 
sulfide minerals (Mrozek et al., 2006). Mrozek et al. 
(2006) found that in the Las Vegas region where this 
landscaping rock was utilized, concentrations of As, 
Cu, Mo, Pb, and Cr were higher than regional back-
ground concentrations in the salt crusts and soil sur-
rounding these landscaping rocks. Though this region 
receives little annual precipitation, precipitation or 
irrigation in areas where these rocks are present may 
cause these salts to dissolve, thus releasing these met-
als into the environment, or acid rock drainage may 
occur due to the oxidation of sulfide minerals within 
these rocks (Mrozek et al., 2006). Although there may 
be several sources of As in the Las Vegas region that 
may contribute to road sediment, As is not considered 
to be a pollutant within the areas of Las Vegas sam-
pled, as calculated Igeo values for As did not exceed 
an Igeo of 0 for any sample taken.

In Las Vegas road sediment, metal shavings were 
imaged using SEM BSD (Fig.  3); however, these 
shavings contained no detectable Zn when analyzed 
via EDS. Instead, Zn most often occurred in anhedral 
particles < 2  µm in diameter, making these particles 
respirable and thus possibly harmful to humans if 
inhaled (Wiseman et  al., 2018; Wiseman & Zereini, 
2014; Padoan et  al., 2017; Khan & Strand, 2018; 
Wiseman et al., 2021; Dietrich et al., 2022a; US EPA, 
2024). Zinc was also observed to occur with Fe-
oxides/oxyhydroxides. This is consistent with other 
studies which concluded that Zn is often deposited 
as fine particulate matter which dissolves and then 
preferentially adsorbs onto Fe-oxides/oxyhydroxides 
(Soukup et al., 2012).

Anthropogenic spherules were identified in all 
Las Vegas road sediment samples analyzed via SEM; 
however, no spherules were successfully identi-
fied using TEM imaging techniques. Spherules are a 
well-recognized contaminant in the environment and 
have been documented in other road sediment studies 
(Allen et al., 2024; Dietrich et al., 2018, 2019, 2022a, 
2022b; LeGalley & Krekeler, 2013; Liu et al., 2016; 

Magiera et al., 2011, 2013). Many of the technogenic 
spherules identified in the Las Vegas road sediment 
samples had textures consistent with mechanical 
abrasion and weathering similar to those observed in 
LeGalley and Krekeler (2013) and Allen et al. (2024). 
Although the exact source of anthropogenic spher-
ules in Las Vegas road sediment is unknown, previ-
ous literature has indicated that these spherules are 
most often derived from combustion processes (e.g., 
coal burning, smelting processes) (Allen et al., 2024; 
Dietrich et al., 2019; Ismail et al., 2007; Kutchko & 
Kim, 2006; LeGalley & Krekeler, 2013; Magiera 
et  al., 2011, 2013). The spherules identified in this 
study are comparable in texture and chemical compo-
sition to those found in other road sediment studies in 
the Eastern and Midwestern US (Allen et  al., 2024; 
Dietrich et  al., 2019; Flett et  al., 2016; LeGalley & 
Krekeler, 2013) as well as other fly ash characteri-
zation studies (Kutchko & Kim, 2006; Ismail et  al., 
2007; Magiera et al., 2011, 2013).

In studies of road sediment from the Midwest-
ern and Eastern US, anthropogenic spherules often 
occurred with heavy metals such as Pb and were 
commonly observed in areas where coal burning and 
industrial activity have been historically prevalent. In 
Las Vegas, however, these spherules were not closely 
associated with elevated Pb concentrations, and this 
region does not have an extensive history of indus-
trial activity. Thus, these anthropogenic spherules 
may be attributed to different sources. Some Si-rich 
glassy spherules may still be derived from industrial 
activities in the region; however, other sources such 
as vehicle exhaust emissions as well as building and 
road paints may be other major contributors (White 
et  al., 2014; Shetye et  al., 2019). Though metal-rich 
spherules are typically derived from manufacturing 
processes, welding and similar activities can yield 
anthropogenic spherules with similar compositions 
and dendritic and skeletal surface textures (Brożek-
Mucha, 2015).

Conclusions and implications

Relatively few road sediment studies have been con-
ducted in the conterminous US, and none have thus 
far been conducted in arid to semi-arid environ-
ments. This study applied a multianalytical approach 
to investigate the contaminants present in Las Vegas 
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road sediment to better understand the potential envi-
ronmental health risks. Pb, Zn, and Cu are the ele-
ments of highest concern; however, Pb concentrations 
are notably lower than those in other communities in 
more temperate climates (i.e., Hamilton and Middle-
town, OH, Gary, IN, Philadelphia, PA). Zn and Cu 
are the most abundant pollutants in Las Vegas road 
sediment and are positively correlated, thus sug-
gesting a common origin: these metals are closely 
associated with vehicular activity. The presence of 
anthropogenic spherules in Las Vegas road sediment, 
combined with low Pb concentrations as compared 
with Midwestern and Eastern US studies, suggests 
that coal burning and industrial activity may not be 
a major contributor to road sediment pollution in the 
region. Instead, these spherules may be primarily 
derived from sources such as vehicle exhaust emis-
sions, paints, welding, etc.

Overall, this study indicates significant variation 
and differences in the chemical and morphological 
nature of contaminants and geogenic material in road 
sediment between climate zones. Our findings sug-
gest that although contaminant (e.g., metal shavings) 
and pollutant types (e.g., Zn and Cu) in road sediment 
from an arid environment like Las Vegas may be sim-
ilar to those found in road sediment from more humid 
climates (e.g., Ohio, Hawaii, Pennsylvania), sources 
may vary significantly, and environmental processes 
such as precipitation or lack thereof may affect the 
ability of certain contaminants to mobilize in these 
environments. For example, arid environments may 
see more wind transport of dust or lack of adsorp-
tion/desorption to other minerals occurring due to 
lack of precipitation. This investigation supports the 
new directions of research recommended in Dietrich 
et al. (2022a) and will add to the body of knowledge 
regarding road sediment in the US. Additional analy-
ses such as bulk sample chemical characterization 
via inductively coupled plasma mass spectroscopy 
(ICP-MS) and isotopic analysis using Pb, Zn, and Cu 
isotopes are needed to constrain potential sources for 
much of the metal pollutants present in the Las Vegas 
region.

Acknowledgements  We thank Mr. Matt Duley for help with 
sample preparation and imaging, and we acknowledge the sup-
port of the staff and resources from the Center for Advanced 
Microscopy and Imaging (CAMI) at Miami University. We 
also thank Dr. Brenda Buck from the University of Nevada 
Las Vegas for help with sample acquisition and background 

information. We would like to thank the Department of Geol-
ogy and Environmental Earth Science at Miami University for 
support through a graduate assistantship for Kailee Gokey, and 
the US Department of Defense for support through a graduate 
assistantship for Morgan Gillis.

Author contributions  K. Gokey contributed to the majority 
writing, figure development, library work, and extensive data 
collection. This paper serves as a chapter for her Ph.D. disser-
tation. M. Gillis assisted with data collection, including TEM 
work and editing. K. Brown contributed to XRF data collec-
tion, editing, and discussion of context. N. Renkes conducted 
sampling during Covid-19, which was critical to the project, 
and provided discussion. C. McLeod contributed editing and 
discussion. M.P.S. Krekeler supervised the project, coordinated 
logistics, and contributed to editing.

Data Availability  No datasets were generated or analysed 
during the current study.

Declarations 

Competing interests  The authors declare no competing inter-
ests.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Abdelaal, A., Abbas, E. A., & Beheary, M. S. (2021). Assess-
ment of dust major ions and suspended heavy metal 
contents in atmospheric particulate matter of Port Said 
city Egypt. Arabian Journal of Geosciences, 14, Article 
1419. https://​doi.​org/​10.​1007/​s12517-​021-​07821-w

Abdullah, M. I. C., Sah, A. S. R. M., & Haris, H. (2020). Geo-
accumulation index and enrichment factor of arsenic in 
surface sediment of Bukit Merah Reservoir, Malaysia. 
Tropical Life Sciences Research, 31(3), 109–125. https://​
doi.​org/​10.​21315/​tlsr2​020.​31.3.8

Allen, A., Dietrich, M., McLeod, C. L., Gillis, M., Gokey, 
K., Mbindi, M. F., & Krekeler, M. P. S. (2024). Inves-
tigating mercury in road sediment in Michigan City, 
Indiana: A new type of environmental pollution record. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s12517-021-07821-w
https://doi.org/10.21315/tlsr2020.31.3.8
https://doi.org/10.21315/tlsr2020.31.3.8


	 Environ Monit Assess           (2026) 198:5     5   Page 20 of 24

Vol:. (1234567890)

Environmental Advances, 15, Article 100483. https://​doi.​
org/​10.​1016/j.​envadv.​2024.​100483

Amato, F., Pandolfi, M., Viana, M., Querol, X., Alastuey, A., 
& Moreno, T. (2009). Spatial and chemical patterns of 
PM10 in road dust deposited in urban environment. 
Atmospheric Environment, 43(9), 1650–1659. https://​doi.​
org/​10.​1016/j.​atmos​env.​2008.​12.​009

Andrews, S., & Sutherland, R. A. (2004). Cu, Pb and Zn con-
tamination in Nuuanu watershed, Oahu, Hawaii. Science 
of The Total Environment, 324(1), 173–182. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2003.​10.​032

Apeagyei, E., Bank, M. S., & Spengler, J. D. (2011). Distri-
bution of heavy metals in road dust along an urban-rural 
gradient in Massachusetts. Atmospheric Environment, 
45(13), 2310–2323. https://​doi.​org/​10.​1016/j.​atmos​env.​
2010.​11.​015

Apte, A. D., Tare, V., & Bose, P. (2006). Extent of oxidation 
of Cr(III) to Cr(VI) under various conditions pertaining 
to natural environment. Journal Of Hazardous Materials, 
128(2), 164–174. https://​doi.​org/​10.​1016/j.​jhazm​at.​2005.​
07.​057

Ayuso, R. A., & Foley, N. K. (2020). Surface topography, min-
eralogy, and Pb isotope survey of wheel weights and 
solder: Source of metal contaminants of roadways and 
water systems. Journal of Geochemical Exploration, 212, 
Article 106493. https://​doi.​org/​10.​1016/j.​gexplo.​2020.​
106493

Barbieri, M. (2016). The Importance of Enrichment Fac-
tor (EF) and Geoaccumulation Index (Igeo) to Evaluate 
the Soil Contamination. Geology and Geophysics, 5(1). 
https://​doi.​org/​10.​4172/​2381-​8719.​10002​37

Barnes, M., McLeod, C. L., Chappell, C., Faraci, O., Gib-
son, B., & Krekeler, M. P. S. (2020). Characterizing 
the geogenic background of the Midwest: A detailed 
mineralogical and geochemical investigation of a gla-
cial till in southwestern Ohio. Environmental Earth 
Sciences, 79(6), Article 159. https://​doi.​org/​10.​1007/​
s12665-​020-​8890-z

Barrett, H. A., Borkiewicz, O., & Krekeler, M. P. S. (2011). 
An investigation of zincite from spent anodic portions 
of alkaline batteries: An industrial mineral approach for 
evaluating stock material for recycling potential. Journal 
of Power Sources, 196(1), 508–513. https://​doi.​org/​10.​
1016/j.​jpows​our.​2010.​07.​013

British Stainless Steel Association (2024). Does the chromium 
in stainless steel contain ‘chrome 6’ (Cr6+) and is this a 
potential health hazard: https://​bssa.​org.​uk/​bssa_​artic​les/​
does-​the-​chrom​ium-​in-​stain​less-​steel-​conta​in-​chrome-​6-​
cr6-​and-​is-​this-a-​poten​tial-​health-​hazard/

Brożek-Mucha, Z. (2015). Chemical and physical characteri-
zation of welding fume particles for distinguishing from 
gunshot residue. Forensic Science International, 254, 
51–58. https://​doi.​org/​10.​1016/j.​forsc​iint.​2015.​06.​033

Buck, B. J., Goossens, D., Metcalf, R. V., McLaurin, B., 
Ren, M., & Freudenberger, F. (2013). Naturally occur-
ring asbestos: Potential for human exposure, Southern 
Nevada, USA. Soil Science Society of America Journal, 
77(6), 2192–2204. https://​doi.​org/​10.​2136/​sssaj​2013.​05.​
0183

Buck, B. J., King, J., & Etyemezian, V. (2011). Effects of salt 
mineralogy on dust emissions, Salton Sea, California. 

Soil Science Society of America Journal, 75(5), 1971–
1985. https://​doi.​org/​10.​2136/​sssaj​2011.​0049

Buck, B. J., Londono, S. C., McLaurin, B. T., Metcalf, R., 
Mouri, H., Selinus, O., & Shelembe, R. (2016). The 
emerging field of medical geology in brief: Some exam-
ples. Environmental Earth Sciences, 75(6), Article 449. 
https://​doi.​org/​10.​1007/​s12665-​016-​5362-6

Chapman, P. M. (2007). Determining when contamination is 
pollution - Weight of evidence determinations of sedi-
ments and effluents. Environment International, 33, 
492–501.

Charlesworth, S., Everett, M., McCarthy, R., Ordóñez, A., 
& de Miguel, E. (2003). A comparative study of heavy 
metal concentration and distribution in deposited street 
dusts in a large and a small urban area: Birmingham and 
Coventry, West Midlands UK. Environment Interna-
tional, 29(5), 563–573. https://​doi.​org/​10.​1016/​S0160-​
4120(03)​00015-1

Cymes, B. A., Almquist, C. B., & Krekeler, M. P. S. (2020). 
Europium-doped cryptomelane: Multi-pathway synthe-
sis, characterization, and evaluation for the gas phase cat-
alytic oxidation of ethanol. Applied Catalysis a, General, 
589, Article 117310. https://​doi.​org/​10.​1016/j.​apcata.​
2019.​117310

Cymes, B. A., Krekeler, M. P. S., Nicholson, K. N., & Grigsby, 
J. D. (2017). A transmission electron microscopy (TEM) 
study of silver nanoparticles associated with mine waste 
from New Caledonian nickel deposits: Potential origins 
of silver toxicity in a World Heritage Site. Environmental 
Earth Sciences, 76(18), Article 640. https://​doi.​org/​10.​
1007/​s12665-​017-​6978-x

Cymes, B. A., Kugler, A. J., Almquist, C. B., Edelmann, R. E., 
& Krekeler, M. P. S. (2021). Effects of MnII and EuIII 
cation exchange in sepiolite-titanium dioxide nanocom-
posites in the photocatalytic degradation of orange G. 
ChemistrySelect, 6(21), 5180–5190. https://​doi.​org/​10.​
1002/​slct.​20210​0303

Davis, A. P., Shokouhian, M., & Ni, S. (2001). Loading esti-
mates of lead, copper, cadmium, and zinc in urban runoff 
from specific sources. Chemosphere, 44(5), 997–1009. 
https://​doi.​org/​10.​1016/​S0045-​6535(00)​00561-0

Deacon, J. E., Williams, A. E., Williams, C. D., & Williams, J. 
E. (2007). Fueling population growth in Las Vegas: How 
large-scale groundwater withdrawal could burn regional 
biodiversity. BioScience, 57(8), 688–698. https://​doi.​org/​
10.​1641/​B5708​09

DeWitt, J. C., Buck, B. J., Goossens, D., Teng, Y., Pollard, 
J., McLaurin, B. T., Gerads, R., & Keil, D. E. (2017). 
Health effects following subacute exposure to geogenic 
dust collected from active drainage surfaces (Nellis 
Dunes Recreation Area, Las Vegas, NV). Toxicology 
Reports, 4, 19–31. https://​doi.​org/​10.​1016/j.​toxrep.​2016.​
12.​002

Dietrich, M., Huling, J., & Krekeler, M. P. S. (2018). Metal 
pollution investigation of Goldman Park, Middletown 
Ohio: Evidence for steel and coal pollution in a high 
child use setting. Science of The Total Environment, 618, 
1350–1362. https://​doi.​org/​10.​1016/j.​scito​tenv.​2017.​09.​
246

Dietrich, M., O’Shea, M. J., Gieré, R., & Krekeler, M. P. S. 
(2022a). Road sediment, an underutilized material in 

https://doi.org/10.1016/j.envadv.2024.100483
https://doi.org/10.1016/j.envadv.2024.100483
https://doi.org/10.1016/j.atmosenv.2008.12.009
https://doi.org/10.1016/j.atmosenv.2008.12.009
https://doi.org/10.1016/j.scitotenv.2003.10.032
https://doi.org/10.1016/j.scitotenv.2003.10.032
https://doi.org/10.1016/j.atmosenv.2010.11.015
https://doi.org/10.1016/j.atmosenv.2010.11.015
https://doi.org/10.1016/j.jhazmat.2005.07.057
https://doi.org/10.1016/j.jhazmat.2005.07.057
https://doi.org/10.1016/j.gexplo.2020.106493
https://doi.org/10.1016/j.gexplo.2020.106493
https://doi.org/10.4172/2381-8719.1000237
https://doi.org/10.1007/s12665-020-8890-z
https://doi.org/10.1007/s12665-020-8890-z
https://doi.org/10.1016/j.jpowsour.2010.07.013
https://doi.org/10.1016/j.jpowsour.2010.07.013
https://bssa.org.uk/bssa_articles/does-the-chromium-in-stainless-steel-contain-chrome-6-cr6-and-is-this-a-potential-health-hazard/
https://bssa.org.uk/bssa_articles/does-the-chromium-in-stainless-steel-contain-chrome-6-cr6-and-is-this-a-potential-health-hazard/
https://bssa.org.uk/bssa_articles/does-the-chromium-in-stainless-steel-contain-chrome-6-cr6-and-is-this-a-potential-health-hazard/
https://doi.org/10.1016/j.forsciint.2015.06.033
https://doi.org/10.2136/sssaj2013.05.0183
https://doi.org/10.2136/sssaj2013.05.0183
https://doi.org/10.2136/sssaj2011.0049
https://doi.org/10.1007/s12665-016-5362-6
https://doi.org/10.1016/S0160-4120(03)00015-1
https://doi.org/10.1016/S0160-4120(03)00015-1
https://doi.org/10.1016/j.apcata.2019.117310
https://doi.org/10.1016/j.apcata.2019.117310
https://doi.org/10.1007/s12665-017-6978-x
https://doi.org/10.1007/s12665-017-6978-x
https://doi.org/10.1002/slct.202100303
https://doi.org/10.1002/slct.202100303
https://doi.org/10.1016/S0045-6535(00)00561-0
https://doi.org/10.1641/B570809
https://doi.org/10.1641/B570809
https://doi.org/10.1016/j.toxrep.2016.12.002
https://doi.org/10.1016/j.toxrep.2016.12.002
https://doi.org/10.1016/j.scitotenv.2017.09.246
https://doi.org/10.1016/j.scitotenv.2017.09.246


Environ Monit Assess           (2026) 198:5 	 Page 21 of 24      5 

Vol.: (0123456789)

environmental science research: A review of perspectives 
on United States studies with international context. Jour-
nal of Hazardous Materials. https://​doi.​org/​10.​1016/j.​
jhazm​at.​2022.​128604

Dietrich, M., Shukle, J. T., Krekeler, M. P. S., Wood, L. R., & 
Filippelli, G. M. (2022b). Using community science to 
better understand lead exposure risks. GeoHealth, 6(2), 
Article e2021GH000525. https://​doi.​org/​10.​1029/​2021G​
H0005​25

Dietrich, M., Wolfe, A., Burke, M., & Krekeler, M. P. S. 
(2019). The first pollution investigation of road sediment 
in Gary, Indiana: Anthropogenic metals and possible 
health implications for a socioeconomically disadvan-
taged area. Environment International, 128, 175–192. 
https://​doi.​org/​10.​1016/j.​envint.​2019.​04.​042

US EPA (2024). Particulate Matter (PM) Basics [Overviews 
and Factsheets]. https://​www.​epa.​gov/​pm-​pollu​tion/​parti​
culate-​matter-​pm-​basics

Filippelli, G. M., Adamic, J., Nichols, D., Shukle, J., & 
Frix, E. (2018). Mapping the urban lead exposome: 
A detailed analysis of soil metal concentrations at the 
household scale using citizen science. International 
Journal of Environmental Research and Public Health, 
15(7), Article 1531. https://​doi.​org/​10.​3390/​ijerp​h1507​
1531

Filippelli, G. M., Laidlaw, M. A. S., Latimer, J. C., & Raftis, R. 
(2005). Urban lead poisoning and medical geology: An 
unfinished story. GSA Today, 15(1), 4. https://​doi.​org/​10.​
1130/​1052-​5173(2005)​015%​3c4:​ULPAMG%​3e2.0.​CO;2

Filippelli, G. M., Risch, M., Laidlaw, M. A. S., Nichols, D. 
E., & Crewe, J. (2015). Geochemical legacies and the 
future health of cities: A tale of two neurotoxins in urban 
soils. Elementa: Science Of The Anthropocene, 3, Arti-
cle 000059. https://​doi.​org/​10.​12952/​journ​al.​eleme​nta.​
000059

Flett, L., Krekeler, M. P. S., & Burke, M. (2016). Investiga-
tions of road sediment in an industrial corridor near low-
income housing in Hamilton, Ohio. Environmental Earth 
Sciences. https://​doi.​org/​10.​1007/​s12665-​016-​5945-2

Flett, L., McLeod, C. L., McCarty, J. L., Shaulis, B. J., Fain, 
J. J., & Krekeler, M. P. S. (2021). Monitoring uranium 
mine pollution on Native American lands: Insights from 
tree bark particulate matter on the Spokane Reservation, 
Washington, USA. Environmental Research, 194(Octo-
ber 2020). https://​doi.​org/​10.​1016/j.​envres.​2020.​110619

Fubini, B., & Fenoglio, I. (2007). Toxic potential of mineral 
dusts. Elements, 3(6), 407–414. https://​doi.​org/​10.​2113/​
GSELE​MENTS.3.​6.​407

Garcı́a-Sánchez, A., Alastuey, A., & Querol, X. (1999). Heavy 
metal adsorption by different minerals: Application to 
the remediation of polluted soils. Science of the Total 
Environment, 242(1), 179–188. https://​doi.​org/​10.​1016/​
S0048-​9697(99)​00383-6

Goossens, D., & Buck, B. (2009). Dust emission by off-road 
driving: Experiments on 17 arid soil types, Nevada, 
USA. Geomorphology, 107(3–4), 118–138. https://​doi.​
org/​10.​1016/j.​geomo​rph.​2008.​12.​001

Goossens, D., Buck, B., & McLaurin, B. (2012). Contributions 
to atmospheric dust production of natural and anthro-
pogenic emissions in a recreational area designated for 
off-road vehicular activity (Nellis Dunes, Nevada, USA). 

Journal of Arid Environments, 78, 80–99. https://​doi.​org/​
10.​1016/j.​jarid​env.​2011.​10.​015

Goossens, D., Buck, B. J., Teng, Y., & McLaurin, B. T. (2015). 
Surface and airborne arsenic concentrations in a rec-
reational site near Las Vegas, Nevada, USA. PLoS One, 
10(4), Article e0124271. https://​doi.​org/​10.​1371/​journ​al.​
pone.​01242​71

Haris, H., Looi, L. J., Aris, A. Z., Mokhtar, N. F., Ayob, N. 
A. A., Yusoff, F. M., Salleh, A. B., & Praveena, S. M. 
(2017). Geo-accumulation index and contamination fac-
tors of heavy metals (Zn and Pb) in urban river sediment. 
Environmental Geochemistry and Health, 39(6), 1259–
1271. https://​doi.​org/​10.​1007/​s10653-​017-​9971-0

Haynes, H. M., Taylor, K. G., Rothwell, J., & Byrne, P. (2020). 
Characterisation of road-dust sediment in urban systems: 
A review of a global challenge. Journal of Soils and 
Sediments, 20(12), 4194–4217. https://​doi.​org/​10.​1007/​
s11368-​020-​02804-y

Hwang, H.-M., Fiala, M. J., Park, D., & Wade, T. L. (2016). 
Review of pollutants in urban road dust and stormwa-
ter runoff: Part 1. Heavy metals released from vehicles. 
International Journal of Urban Sciences, 20(3), 334–
360. https://​doi.​org/​10.​1080/​12265​934.​2016.​11930​41

Imai, N., Terashima, S., Itoh, S., & Ando, A. (1996). 1996 
Compilation of analytical data of nine GSJ Geochemical 
Reference Samples, “Sedimentary Rock Series.” Geo-
standards Newsletter, 20, 165–216. https://​doi.​org/​10.​
1111/j.​1751-​908X.​1996.​tb001​84.x

Irvine, K. N., Perrelli, M. F., Ngoen-klan, R., & Droppo, I. G. 
(2009). Metal levels in street sediment from an industrial 
city: Spatial trends, chemical fractionation, and manage-
ment implications. Journal of Soils and Sediments, 9(4), 
328–341. https://​doi.​org/​10.​1007/​s11368-​009-​0098-5

Ismail, K. N., Hussin, K., & Idris, M. S. (2007). Physical, 
chemical & mineralogical properties of fly ash. Journal 
of Nuclear and Related Technologies, 4, 47–51.

Jenkins, N.R. Zhou, X., Bhowmick, M., McLeod, C.L., & 
Krekeler, M.P.S. (2024). Investigation into the stabil-
ity of synthetic goethite after dynamic shock compres-
sion. Physics and Chemistry of Minerals. Physics and 
Chemistry of Minerals 51, 22. https://​doi.​org/​10.​1007/​
s00269-​024-​01279-4

Joshi, N., Tamaddun, K., Parajuli, R., Kalra, A., Maheshwari, 
P., Mastino, L., & Velotta, M. (2020). Future changes in 
water supply and demand for Las Vegas valley: A system 
dynamic approach based on CMIP3 and CMIP5 climate 
projections. Hydrology, 7(1), 1. https://​doi.​org/​10.​3390/​
hydro​logy7​01001​6k

Keil, D. E., Buck, B., Goossens, D., McLaurin, B., Murphy, L., 
Leetham-Spencer, M., Teng, Y., Pollard, J., Gerads, R., 
& DeWitt, J. C. (2018). Nevada desert dust with heavy 
metals suppresses IgM antibody production. Toxicology 
Reports, 5, 258–269. https://​doi.​org/​10.​1016/j.​toxrep.​
2018.​01.​006

Keil, Deborah, Brenda Buck, Dirk Goossens, Yuanxin Teng, 
Mallory Leetham, Lacey Murphy, James Pollard (2016). 
Immunotoxicological and neurotoxicological profile 
of health effects following subacute exposure to geo-
genic dust from sand dunes at the Nellis Dunes Rec-
reation Area, Las Vegas, NV. Toxicology and Applied 

https://doi.org/10.1016/j.jhazmat.2022.128604
https://doi.org/10.1016/j.jhazmat.2022.128604
https://doi.org/10.1029/2021GH000525
https://doi.org/10.1029/2021GH000525
https://doi.org/10.1016/j.envint.2019.04.042
https://www.epa.gov/pm-pollution/particulate-matter-pm-basics
https://www.epa.gov/pm-pollution/particulate-matter-pm-basics
https://doi.org/10.3390/ijerph15071531
https://doi.org/10.3390/ijerph15071531
https://doi.org/10.1130/1052-5173(2005)015%3c4:ULPAMG%3e2.0.CO;2
https://doi.org/10.1130/1052-5173(2005)015%3c4:ULPAMG%3e2.0.CO;2
https://doi.org/10.12952/journal.elementa.000059
https://doi.org/10.12952/journal.elementa.000059
https://doi.org/10.1007/s12665-016-5945-2
https://doi.org/10.1016/j.envres.2020.110619
https://doi.org/10.2113/GSELEMENTS.3.6.407
https://doi.org/10.2113/GSELEMENTS.3.6.407
https://doi.org/10.1016/S0048-9697(99)00383-6
https://doi.org/10.1016/S0048-9697(99)00383-6
https://doi.org/10.1016/j.geomorph.2008.12.001
https://doi.org/10.1016/j.geomorph.2008.12.001
https://doi.org/10.1016/j.jaridenv.2011.10.015
https://doi.org/10.1016/j.jaridenv.2011.10.015
https://doi.org/10.1371/journal.pone.0124271
https://doi.org/10.1371/journal.pone.0124271
https://doi.org/10.1007/s10653-017-9971-0
https://doi.org/10.1007/s11368-020-02804-y
https://doi.org/10.1007/s11368-020-02804-y
https://doi.org/10.1080/12265934.2016.1193041
https://doi.org/10.1111/j.1751-908X.1996.tb00184.x
https://doi.org/10.1111/j.1751-908X.1996.tb00184.x
https://doi.org/10.1007/s11368-009-0098-5
https://doi.org/10.1007/s00269-024-01279-4
https://doi.org/10.1007/s00269-024-01279-4
https://doi.org/10.3390/hydrology7010016k
https://doi.org/10.3390/hydrology7010016k
https://doi.org/10.1016/j.toxrep.2018.01.006
https://doi.org/10.1016/j.toxrep.2018.01.006


	 Environ Monit Assess           (2026) 198:5     5   Page 22 of 24

Vol:. (1234567890)

Pharmacology 291, 1–12. https://​doi.​org/​10.​1016/j.​taap.​
2015.​11.​020

Khan, R. K., & Strand, M. A. (2018). Road dust and its effect 
on human health: A literature review. Epidemiology and 
Health, 40, Article e2018013. https://​doi.​org/​10.​4178/​
epih.​e2018​013

Klein, E., & Krekeler, M. P. S. (2020). The occurrence of Hg, 
Se, S, Ni, Cr, and Th in talc ore: A scanning electron 
microscopy (SEM) study of historical samples from the 
Willow Creek Mine, Montana. Results in Geochemistry, 
1, Article 100003. https://​doi.​org/​10.​1016/j.​ringeo.​2020.​
100003

Krekeler, M. P. S., Calkins, C., & Borkiewicz, O. (2010). Min-
eralogical and hydrogeologic properties of a partially 
unconsolidated Pleistocene limestone in the east central 
Yucatán: Implications for the development of subsurface 
flow constructed wetlands (SFCWs) in the region. Car-
bonates & Evaporites, 25(1), 77–86. https://​doi.​org/​10.​
1007/​s13146-​010-​0009-2

Komárek, M., Antelo, J., Králová, M., Veselská, V., Číhalová, 
S., Chrastný, V., & Koretsky, C. M. (2018). Revisiting 
models of Cd, Cu, Pb and Zn adsorption onto Fe (III) 
oxides. Chemical Geology, 493, 189–198. https://​doi.​org/​
10.​1016/j.​chemg​eo.​2018.​05.​036

Kutchko, B. G., & Kim, A. G. (2006). Fly ash characterization 
by SEM–EDS. Fuel, 85(17), 2537–2544. https://​doi.​org/​
10.​1016/j.​fuel.​2006.​05.​016

Laidlaw, M. A. S., & Filippelli, G. M. (2008). Resuspension 
of urban soils as a persistent source of lead poisoning 
in children: A review and new directions. Applied Geo-
chemistry, 23(8), 2021–2039. https://​doi.​org/​10.​1016/j.​
apgeo​chem.​2008.​05.​009

Laidlaw, M. A. S., Filippelli, G. M., Brown, S., Paz-Ferreiro, 
J., Reichman, S. M., Netherway, P., Truskewycz, A., 
Ball, A. S., & Mielke, H. W. (2017). Case studies and 
evidence-based approaches to addressing urban soil 
lead contamination. Applied Geochemistry, 83, 14–30. 
https://​doi.​org/​10.​1016/j.​apgeo​chem.​2017.​02.​015

Laidlaw, M. A. S., Mielke, H. W., Filippelli, G. M., John-
son, D. L., & Gonzales, C. R. (2005). Seasonality and 
children’s blood lead levels: Developing a predictive 
model using climatic variables and blood lead data 
from Indianapolis, Indiana, Syracuse, New York, and 
New Orleans, Louisiana (USA). Environmental Health 
Perspectives, 113(6), 793–800. https://​doi.​org/​10.​1289/​
ehp.​7759

Laidlaw, M. A. S., & Taylor, M. P. (2011). Potential for 
childhood lead poisoning in the inner cities of Australia 
due to exposure to lead in soil dust. Environmental Pol-
lution (Barking, Essex: 1987), 159(1), 1–9. https://​doi.​
org/​10.​1016/j.​envpol.​2010.​08.​020

Laidlaw, M. A. S., Zahran, S., Mielke, H. W., Taylor, M. P., 
& Filippelli, G. M. (2012). Re-suspension of lead con-
taminated urban soil as a dominant source of atmos-
pheric lead in Birmingham, Chicago, Detroit and Pitts-
burgh, USA. Atmospheric Environment, 49, 302–310. 
https://​doi.​org/​10.​1016/j.​atmos​env.​2011.​11.​030

Laperche, V., & Lemière, B. (2021). Possible pitfalls in the 
analysis of minerals and loose materials by portable 
XRF, and how to overcome them. Minerals, 11(1), 33. 
https://​doi.​org/​10.​3390/​min11​010033

LeGalley, E., & Krekeler, M. P. S. (2013). A mineralogical 
and geochemical investigation of street sediment near a 
coal-fired power plant in Hamilton, Ohio: An example of 
complex pollution and cause for community health con-
cerns. Environmental Pollution, 176, 26–35. https://​doi.​
org/​10.​1016/j.​envpol.​2012.​12.​012

LeGalley, E., Widom, E., Krekeler, M. P. S., & Kuentz, D. C. 
(2013). Chemical and lead isotope constraints on sources 
of metal pollution in street sediment and lichens in south-
west Ohio. Applied Geochemistry, 32, 195–203. https://​
doi.​org/​10.​1016/j.​apgeo​chem.​2012.​10.​020

Li, F., Yin, H., Zhu, T., & Zhuang, W. (2024). Understanding 
the role of manganese oxides in retaining harmful met-
als: Insights into oxidation and adsorption mechanisms 
at microstructure level. Eco-Environment & Health, 3(1), 
89–106. https://​doi.​org/​10.​1016/j.​eehl.​2024.​01.​002

Li, Z., Feng, X., Li, G., Bi, X., Zhu, J., Qin, H., Dai, Z., Liu, 
J., Li, Q., & Sun, G. (2013). Distributions, sources and 
pollution status of 17 trace metal/metalloids in the street 
dust of a heavily industrialized city of central China. 
Environmental Pollution, 182, 408–416. https://​doi.​org/​
10.​1016/j.​envpol.​2013.​07.​041

Lindeman, C., Oglesbee, T., McLeod, C., & Krekeler, M. P. S. 
(2020). Mineralogy and geochemistry of the kinnikinic 
quartzite at the Arco Hills silica and gold project in Butte 
County, Idaho: Results of an ore quality spot check and 
implications for potential plasma furnace processing. 
Minerals. https://​doi.​org/​10.​3390/​min10​060523

Liu, A., Gunawardana, C., Gunawardena, J., Egodawatta, P., 
Ayoko, G. A., & Goonetilleke, A. (2016). Taxonomy of 
factors which influence heavy metal build-up on urban 
road surfaces. Journal Of Hazardous Materials, 310, 
20–29. https://​doi.​org/​10.​1016/j.​jhazm​at.​2016.​02.​026

Liu, J., Chen, Q., Yang, Y., Wei, H., Laipan, M., Zhu, R., He, 
H., & Hochella, M. F. (2022). Coupled redox cycling of 
Fe and Mn in the environment: The complex interplay of 
solution species with Fe- and Mn-(oxyhydr)oxide crys-
tallization and transformation. Earth-Science Reviews. 
https://​doi.​org/​10.​1016/j.​earsc​irev.​2022.​104105

Loganathan, P., Vigneswaran, S., & Kandasamy, J. (2013). 
Road-deposited sediment pollutants: A critical review 
of their characteristics, source apportionment, and man-
agement. Critical Reviews in Environmental Science and 
Technology, 43(13), 1315–1348. https://​doi.​org/​10.​1080/​
10643​389.​2011.​644222

Looi, L. J., Aris, A. Z., Yusoff, FMd. ., Isa, N. M., & Haris, 
H. (2019). Application of enrichment factor, geoaccumu-
lation index, and ecological risk index in assessing the 
elemental pollution status of surface sediments. Environ-
mental Geochemistry and Health, 41(1), 27–42. https://​
doi.​org/​10.​1007/​s10653-​018-​0149-1

Magiera, T., Gołuchowska, B., & Jabłońska, M. (2013). Tech-
nogenic magnetic particles in alkaline dusts from power 
and cement plants. Water, Air, and Soil Pollution, 224(1), 
Article 1389. https://​doi.​org/​10.​1007/​s11270-​012-​1389-9

Magiera, T., Jabłońska, M., Strzyszcs, Z., & Rachwal, M. 
(2011). Morphological and mineralogical forms of tech-
nogenic magnetic particles in industrial dusts. Atmos-
pheric Environment, 45(25), 4281–4290. https://​doi.​org/​
10.​1016/j.​atmos​env.​2011.​04.​076

https://doi.org/10.1016/j.taap.2015.11.020
https://doi.org/10.1016/j.taap.2015.11.020
https://doi.org/10.4178/epih.e2018013
https://doi.org/10.4178/epih.e2018013
https://doi.org/10.1016/j.ringeo.2020.100003
https://doi.org/10.1016/j.ringeo.2020.100003
https://doi.org/10.1007/s13146-010-0009-2
https://doi.org/10.1007/s13146-010-0009-2
https://doi.org/10.1016/j.chemgeo.2018.05.036
https://doi.org/10.1016/j.chemgeo.2018.05.036
https://doi.org/10.1016/j.fuel.2006.05.016
https://doi.org/10.1016/j.fuel.2006.05.016
https://doi.org/10.1016/j.apgeochem.2008.05.009
https://doi.org/10.1016/j.apgeochem.2008.05.009
https://doi.org/10.1016/j.apgeochem.2017.02.015
https://doi.org/10.1289/ehp.7759
https://doi.org/10.1289/ehp.7759
https://doi.org/10.1016/j.envpol.2010.08.020
https://doi.org/10.1016/j.envpol.2010.08.020
https://doi.org/10.1016/j.atmosenv.2011.11.030
https://doi.org/10.3390/min11010033
https://doi.org/10.1016/j.envpol.2012.12.012
https://doi.org/10.1016/j.envpol.2012.12.012
https://doi.org/10.1016/j.apgeochem.2012.10.020
https://doi.org/10.1016/j.apgeochem.2012.10.020
https://doi.org/10.1016/j.eehl.2024.01.002
https://doi.org/10.1016/j.envpol.2013.07.041
https://doi.org/10.1016/j.envpol.2013.07.041
https://doi.org/10.3390/min10060523
https://doi.org/10.1016/j.jhazmat.2016.02.026
https://doi.org/10.1016/j.earscirev.2022.104105
https://doi.org/10.1080/10643389.2011.644222
https://doi.org/10.1080/10643389.2011.644222
https://doi.org/10.1007/s10653-018-0149-1
https://doi.org/10.1007/s10653-018-0149-1
https://doi.org/10.1007/s11270-012-1389-9
https://doi.org/10.1016/j.atmosenv.2011.04.076
https://doi.org/10.1016/j.atmosenv.2011.04.076


Environ Monit Assess           (2026) 198:5 	 Page 23 of 24      5 

Vol.: (0123456789)

Men, C., Liu, R., Xu, F., Wang, Q., Guo, L., & Shen, Z. (2018). 
Pollution characteristics, risk assessment, and source 
apportionment of heavy metals in road dust in Beijing, 
China. Science of the Total Environment, 612, 138–147. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2017.​08.​123

Müller, G. (1969). Index of geoaccumulation in sediments of 
the Rhine River. GeoJournal, 2, 108–118.

Mrozek, S. A., Buck, B. J., Drohan, P. J., & Brock, A. L. 
(2006). Decorative landscaping rock as a source for 
heavy metal contamination, Las Vegas, Nevada. Soil & 
Sediment Contamination, 15(5), 471–480. https://​doi.​
org/​10.​1080/​15320​38060​08477​16

Murchland, M., Elasamar, S., Viner, G. Zhou, X., Gillis, M., 
Almquist. C., Cymes, B., Bhowmick, M. McLeod, C. L., 
& Krekeler, M.P.S. (2024). The effect of shock compres-
sion in the crystal structure of cryptomelane (K-OMS-2). 
Journal of Dynamic Behavior of Materials, 10, 223–236. 
https://​doi.​org/​10.​1007/​s40870-​023-​00403-9

O’Shea, M. J., Krekeler, M. P. S., Vann, D. R., & Gieré, R. 
(2021a). Investigation of Pb-contaminated soil and road 
dust in a polluted area of Philadelphia. Environmental 
Monitoring and Assessment, 193(7), Article 440. https://​
doi.​org/​10.​1007/​s10661-​021-​09213-9

O’Shea, M. J., Vann, D. R., Hwang, W.-T., & Gieré, R. (2020). 
A mineralogical and chemical investigation of road dust 
in Philadelphia, PA, USA. Environmental Science and 
Pollution Research, 27(13), 14883–14902. https://​doi.​
org/​10.​1007/​s11356-​019-​06746-y

O’Shea, M. J., Vigliaturo, R., Choi, J. K., McKeon, T. P., 
Krekeler, M. P. S., & Gieré, R. (2021b). Alteration of 
yellow traffic paint in simulated environmental and bio-
logical fluids. Science of the Total Environment, 750, 
141202. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​141202

Oglesbee, T., McLeod, C. L., Chappell, C., Vest, J., Sturmer, 
D., & Krekeler, M. P. S. (2020). A mineralogical and 
geochemical investigation of modern aeolian sands near 
Tonopah, Nevada: Sources and environmental implica-
tions. Catena, 194, Article 104640. https://​doi.​org/​10.​
1016/j.​catena.​2020.​104640

Padoan, E., Romè, C., & Ajmone-Marsan, F. (2017). Bioacces-
sibility and size distribution of metals in road dust and 
roadside soils along a peri-urban transect. The Science of 
the Total Environment, 601–602, 89–98. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2017.​05.​180

Park, J. H., Hodge, V., Gerstenberger, S., & Stave, K. (2014). 
Mobilization of toxic elements from an abandoned man-
ganese mine in the arid metropolitan Las Vegas (NV, 
USA) area. Applied Sciences, 4, 240–254. https://​doi.​org/​
10.​3390/​app40​20240

Parker, G. R., McFee, W. W., & Kelly, J. M. (1978). Metal dis-
tribution in forested ecosystems in urban and rural north-
western Indiana. Journal of Environmental Quality, 7, 
337–342. https://​doi.​org/​10.​2134/​jeq19​78.​00472​42500​
07000​30008x

Paul, K. C., Silverstein, J., & Krekeler, M. P. S. (2017). New 
insights into rare earth element (REE) particulate gener-
ated by cigarette lighters: An electron microscopy and 
materials science investigation of a poorly understood 
indoor air pollutant and constraints for urban geochem-
istry. Environmental Earth Sciences, 76(10), Article 369. 
https://​doi.​org/​10.​1007/​s12665-​017-​6687-5

Reheis, M. C., & Kihl, R. (1995). Dust deposition in southern 
Nevada and California, 1984–1989: Relations to climate, 
source area, and source lithology. Journal of Geophysical 
Research, 100(D5), 8893. https://​doi.​org/​10.​1029/​94JD0​
3245

Reheis, M. C., & Urban, F. E. (2011). Regional and climatic 
controls on seasonal dust deposition in the southwestern 
US. Aeolian Research, 3(1), 3–21. https://​doi.​org/​10.​
1016/j.​aeolia.​2011.​03.​008

Rudnick, R. L., & Gao, S. (2003). Composition of the Conti-
nental Crust. Treatise on Geochemistry (pp. 1–64). Else-
vier. https://​doi.​org/​10.​1016/​B0-​08-​043751-​6/​03016-4

Shetye, S. S., Rudraswami, N. G., Nandakumar, K., & Man-
jrekar, S. (2019). Anthropogenic spherules in Zuari estu-
ary, south west coast of India. Marine Pollution Bulletin, 
143, 1–5. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2019.​03.​
058

Schellenbach, W. L., & Krekeler, M. P. S. (2012). Mineral-
ogical and geochemical investigations of pyrite rich 
mine waste from a kyanite mine in central Virginia 
with comments on recycling. Environmental Earth 
Sciences, 66(5), 1295–1307. https://​doi.​org/​10.​1007/​
s12665-​011-​1339-7

Singh, R., Gautam, N., Mishra, A., & Gupta, R. (2011). 
Heavy metals and living systems: An overview. Indian 
Journal of Pharmacology, 43(3), 246. https://​doi.​org/​
10.​4103/​0253-​7613.​81505

Smith, D.B., Cannon, W.F., Woodruff, L.G., Solano, F., Kil-
burn, J.E., Fey, D.L. (2013). Geochemical and mineral-
ogical data for soils of the conterminous United States: 
US Geological Survey Data Series, v. 801, https://​pubs.​
usgs.​gov/​ds/​801/

Soukup, D., Buck, B., Goossens, D., Ulery, A., McLaurin, 
B. T., Baron, D., & Teng, Y. (2012). Arsenic concen-
trations in dust emissions from wind erosion and off-
road vehicles in the Nellis Dunes Recreational Area, 
Nevada, USA. Aeolian Research, 5, 77–89. https://​doi.​
org/​10.​1016/j.​aeolia.​2011.​11.​001

Sutherland, R. A. (2003). Lead in grain size fractions of 
road-deposited sediment. Environmental Pollution, 
121(2), 229–237. https://​doi.​org/​10.​1016/​S0269-​
7491(02)​00219-1

Teran, K., Žibret, G., & Fanetti, M. (2020). Impact of urbani-
zation and steel mill emissions on elemental composi-
tion of street dust and corresponding particle character-
ization. Journal Of Hazardous Materials, 384, Article 
120963. https://​doi.​org/​10.​1016/j.​jhazm​at.​2019.​120963

TIMET (2024). https://​www.​timet.​com/
Thakali, R., Kalra, A., & Ahmad, S. (2016). Understand-

ing the effects of climate change on urban stormwater 
infrastructures in the Las Vegas Valley. Hydrology, 
3(4), Article 34. https://​doi.​org/​10.​3390/​hydro​logy3​
040034

Trulillo-González, J. M., Torres-Mora, M. A., Keesstra, S., 
Brevik, E. C., & Jiménez-Ballesta, R. (2016). Heavy 
metal accumulation related to population density in 
road dust samples taken from urban sites under differ-
ent land uses. Science of the Total Environment, 553, 
636–642. https://​doi.​org/​10.​1016/j.​scito​tenv.​2016.​02.​
101

https://doi.org/10.1016/j.scitotenv.2017.08.123
https://doi.org/10.1080/15320380600847716
https://doi.org/10.1080/15320380600847716
https://doi.org/10.1007/s40870-023-00403-9
https://doi.org/10.1007/s10661-021-09213-9
https://doi.org/10.1007/s10661-021-09213-9
https://doi.org/10.1007/s11356-019-06746-y
https://doi.org/10.1007/s11356-019-06746-y
https://doi.org/10.1016/j.scitotenv.2020.141202
https://doi.org/10.1016/j.catena.2020.104640
https://doi.org/10.1016/j.catena.2020.104640
https://doi.org/10.1016/j.scitotenv.2017.05.180
https://doi.org/10.1016/j.scitotenv.2017.05.180
https://doi.org/10.3390/app4020240
https://doi.org/10.3390/app4020240
https://doi.org/10.2134/jeq1978.00472425000700030008x
https://doi.org/10.2134/jeq1978.00472425000700030008x
https://doi.org/10.1007/s12665-017-6687-5
https://doi.org/10.1029/94JD03245
https://doi.org/10.1029/94JD03245
https://doi.org/10.1016/j.aeolia.2011.03.008
https://doi.org/10.1016/j.aeolia.2011.03.008
https://doi.org/10.1016/B0-08-043751-6/03016-4
https://doi.org/10.1016/j.marpolbul.2019.03.058
https://doi.org/10.1016/j.marpolbul.2019.03.058
https://doi.org/10.1007/s12665-011-1339-7
https://doi.org/10.1007/s12665-011-1339-7
https://doi.org/10.4103/0253-7613.81505
https://doi.org/10.4103/0253-7613.81505
https://pubs.usgs.gov/ds/801/
https://pubs.usgs.gov/ds/801/
https://doi.org/10.1016/j.aeolia.2011.11.001
https://doi.org/10.1016/j.aeolia.2011.11.001
https://doi.org/10.1016/S0269-7491(02)00219-1
https://doi.org/10.1016/S0269-7491(02)00219-1
https://doi.org/10.1016/j.jhazmat.2019.120963
https://www.timet.com/
https://doi.org/10.3390/hydrology3040034
https://doi.org/10.3390/hydrology3040034
https://doi.org/10.1016/j.scitotenv.2016.02.101
https://doi.org/10.1016/j.scitotenv.2016.02.101


	 Environ Monit Assess           (2026) 198:5     5   Page 24 of 24

Vol:. (1234567890)

USGS (2024). Earthshots Las Vegas, Nevada, USA, https://​
eros.​usgs.​gov/​earth​shots/​las-​vegas-​nevada-​usa

Varma Sinha, S., Argyilan, E. P., & Krekeler, M. P. S. (2015). 
An environmental investigation of the mineralogical, 
geotechnical, hydrogeologic and botanical properties of 
subsurface flow constructed wetlands in Akumal Mex-
ico. Environmental Earth Sciences, 73(5), 2299–2317. 
https://​doi.​org/​10.​1007/​s12665-​014-​3577-y

Wernicke, B., Axen, G. J., & Snow, J. K. (1988). Basin and 
Range extensional tectonics at the latitude of Las Vegas 
Nevada. GSA Bulletin, 100(11), 1738–1757. https://​doi.​
org/​10.​1130/​0016-​7606(1988)​100%​3c1738:​BARETA%​
3e2.3.​CO;2

White, K., Detherage, T., Verellen, M., Tully, J., & Krekeler, 
M. P. S. (2014). An investigation of lead chromate (cro-
coite-PbCrO4) and other inorganic pigments in aged 
traffic paint samples from Hamilton, Ohio: Implica-
tions for lead in the environment. Environmental Earth 
Sciences, 71(8), 3517–3528. https://​doi.​org/​10.​1007/​
s12665-​013-​2741-0

Wiseman, C. L., Zereini, F., & Püttmann, W. (2014). Metal 
translocation patterns in Solanum melongena grown in 
close proximity to traffic. Environmental Science and 
Pollution Research, 21(2), 1572–1581. https://​doi.​org/​10.​
1007/​s11356-​013-​2039-5

Wiseman, C. L. S., Levesque, C., & Rasmussen, P. E. (2021). 
Characterizing the sources, concentrations and resuspen-
sion potential of metals and metalloids in the thoracic 
fraction of urban road dust. Science of The Total Environ-
ment, 786, Article 147467. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2021.​147467

Wiseman, C. L. S., Niu, J., Levesque, C., Chénier, M., & Rasmus-
sen, P. E. (2018). An assessment of the inhalation bioacces-
sibility of platinum group elements in road dust using a sim-
ulated lung fluid. Environmental Pollution, 241, 1009–1017. 
https://​doi.​org/​10.​1016/j.​envpol.​2018.​06.​043

Wiseman, C. L. S., & Zereini, F. (2014). Characterizing 
metal(loid) solubility in airborne PM10, PM2.5 and 

PM1 in Frankfurt, Germany using simulated lung fluids. 
Atmospheric Environment, 89, 282–289. https://​doi.​org/​
10.​1016/j.​atmos​env.​2014.​02.​055

Yang, Y., Lu, X., Fan, P., Yu, B., Wang, L., Lei, K., & Zuo, L. 
(2023). Multi-element features and trace metal sources of 
road sediment from a mega heavy industrial city in North 
China. Chemosphere, 311, Article 137093. https://​doi.​
org/​10.​1016/j.​chemo​sphere.​2022.​137093

Yang, Y., Vance, M., Tou, F., Tiwari, A., Liu, M., & Hochella, 
M. F. (2016). Nanoparticles in road dust from impervi-
ous urban surfaces: Distribution, identification, and envi-
ronmental implications. Environmental Science: Nano, 
3(3), 534–544. https://​doi.​org/​10.​1039/​C6EN0​0056H

Yaqin, J., Yinchang, F., Jianhui, W., Tan, Z., Zhipeng, B., & 
Chiqing, D. (2008). Using geoaccumulation index to 
study source profiles of soil dust in China. Journal of 
Environmental Sciences, 20(5), 571–578. https://​doi.​org/​
10.​1016/​S1001-​0742(08)​62096-3

Zgłobicki, W., Telecka, M., Skupiński, S., Pasierbińska, A., & 
Kozieł, M. (2018). Assessment of heavy metal contami-
nation levels of street dust in the city of Lublin, E Poland. 
Environmental Earth Sciences, 77(23), Article 774. 
https://​doi.​org/​10.​1007/​s12665-​018-​7969-2

Zgłobicki, W., Telecka, M., & Skupiński, S. (2019). Assess-
ment of short-term changes in street dust pollu-
tion with heavy metals in Lublin (E Poland)—levels, 
sources and risks. Environmental Science and Pollution 
Research, 26(34), 35049-35060. https://doi.org/10.1007/
s11356-019-06496-x

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://eros.usgs.gov/earthshots/las-vegas-nevada-usa
https://eros.usgs.gov/earthshots/las-vegas-nevada-usa
https://doi.org/10.1007/s12665-014-3577-y
https://doi.org/10.1130/0016-7606(1988)100%3c1738:BARETA%3e2.3.CO;2
https://doi.org/10.1130/0016-7606(1988)100%3c1738:BARETA%3e2.3.CO;2
https://doi.org/10.1130/0016-7606(1988)100%3c1738:BARETA%3e2.3.CO;2
https://doi.org/10.1007/s12665-013-2741-0
https://doi.org/10.1007/s12665-013-2741-0
https://doi.org/10.1007/s11356-013-2039-5
https://doi.org/10.1007/s11356-013-2039-5
https://doi.org/10.1016/j.scitotenv.2021.147467
https://doi.org/10.1016/j.scitotenv.2021.147467
https://doi.org/10.1016/j.envpol.2018.06.043
https://doi.org/10.1016/j.atmosenv.2014.02.055
https://doi.org/10.1016/j.atmosenv.2014.02.055
https://doi.org/10.1016/j.chemosphere.2022.137093
https://doi.org/10.1016/j.chemosphere.2022.137093
https://doi.org/10.1039/C6EN00056H
https://doi.org/10.1016/S1001-0742(08)62096-3
https://doi.org/10.1016/S1001-0742(08)62096-3
https://doi.org/10.1007/s12665-018-7969-2

	The nature and distribution of road sediment contaminants in the greater Las Vegas, Nevada area
	Abstract 
	Introduction
	Methods
	Sampling
	Transmission electron microscopy (TEM)
	X-Ray fluorescence spectroscopy (XRF)
	Geoaccumulation indices (Igeo)

	Results
	Scanning electron microscopy (SEM)
	Transmission electron microscopy (TEM)
	X-Ray fluorescence spectroscopy (XRF)
	Geoaccumulation indices (Igeo)

	Discussion
	Conclusions and implications
	Acknowledgements 
	References


