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Abstract
Mountain environments are profoundly impacted by the deposition of mineral dust, yet the degree
to which this material is far-traveled or intra-regional is typically unclear. This distinction is
fundamental to model future changes in mountain geoecosystems resulting from climatic or
anthropogenic forcing in dust source regions. We address this question with a network of 17
passive dust samplers installed in primarily mountain locations in Utah, Nevada, and Idaho
between October, 2020 and October 2021. For each collector, the dust deposition rate was
calculated, and the physical and chemical properties of the dust were constrained. Results were
combined with backward trajectory modeling to identify the geologic characteristics of the area
over which air passed most frequently in route to each collector (the ‘hot spot’). Dust properties
differ significantly between collectors, hot spots for many collectors are spatially discrete, and the
dominant geologies in the hot spots corresponding to each collector vary considerably. These
results support the hypothesis that the majority of the dust deposited in the areas we studied is
sourced from arid lowlands in the surrounding region.

1. Introduction

The health and functioning of mountain ecosys-
tems have broad societal relevance, given the import-
ance of these environments as sources of fresh water
and timber, wildlife habitat, recreational destina-
tions, and as economic engines (Grêt-Regamey et al
2012, Egan and Price 2017, Grêt-Regamey andWeibel
2020). Research has demonstrated that the critical
zone (CZ) in mountain environments is profoundly
impacted by the deposition of allochthonous min-
eral dust, which alters the chemistry of surface water
(Psenner 1999, Carling et al 2012, Brahney et al
2013, 2014), influences trajectories of soil formation
(Dahms 1993, Lawrence et al 2011, 2013, Munroe
et al 2015, 2020), provides nutrients necessary for
plant growth and aquatic productivity (Brahney et al
2014, Aciego et al 2017, Arvin et al 2017), and alters

the timing and rate of snowmelt (Painter et al 2007,
2010, Skiles et al 2018). These impacts are expected
to become more acute in coming decades as more
intense droughts, driven by climate change, increase
the likelihood of wind-erosion and dust emission
from arid landscapes (Cook et al 2020).

Mineral dust typically contains a range of
particle sizes reflecting transport distance and the
strength of the turbulence responsible for sustain-
ing mineral grains in suspension (Adebiyi et al 2022,
Vandenberghe 2013, Mahowald et al 2014, p 201).
In many mountain settings, dust size distributions
straddle the informal boundaries commonly used
to distinguish fine (‘small’) far-traveled dust from
coarse (‘large’) dust more likely to be regionally
sourced (Stuut et al 2009). Far-traveled material
would be expected to geochemically homogenous due
to mixing during transport, whereas more regionally
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derived dust should reflect the geology of specific
source areas (Guieu et al 2002, Fitzgerald et al 2015).
A central question in studies of mountain dust, there-
fore, is the relative importance of regionally sourced
material with spatially varying properties, and far-
traveled material that could be well-mixed and uni-
form over large regions.

Previous work has demonstrated situations in
which either regional or far-traveled dust are dom-
inant. For instance, in southwestern North America,
dust arriving in the San Juan Mountains of Colorado
typically originates from the Colorado Plateau, which
is located directly upwind (Painter et al 2007, Neff
et al 2008). In contrast, dust reaching the Colorado
Front Range, on the eastern side of the Continental
Divide, has be linked to agricultural and urban activ-
ity to the east (Heindel et al 2020). In New Mexico,
dust fromWhite Sands National Monument has been
traced to the Sacramento Mountains ∼75 km away
(Rea et al 2020). In northern Utah, the geochemistry
and isotopic fingerprint of dust were shown to match
dust-emitting landscapes in western Utah and parts
of Nevada (Carling et al 2012, Goodman et al 2019,
Munroe et al 2019). Yet at the other extreme, Saharan
dust routinely crosses the Mediterranean and joins
dust from China in reaching the Alps (Grousset et al
2003, Di Mauro et al 2019, Greilinger and Kasper-
Giebl 2021), and non-trivial amounts of Asian dust
arrive in the Sierra Nevada of California after trans-
Pacific transport (Ault et al 2011, Creamean et al
2013, 2014, Aarons et al 2019). Collectively, these
studies illuminate the ubiquity of dust transport to
the mountain CZ over a broad range of spatial scales.
However, because the physical and chemical variabil-
ity ofmountain dust over a wide region have not been
systematically evaluated, uncertainty remains regard-
ing the degree to which the properties of dust depos-
ited in high-elevation settings varies between moun-
tain ranges. This fundamental knowledge gap chal-
lenges attempts to model the effects of contemporary
dust deposition in the mountain CZ, and to predict
how these dust-influenced systems will evolve in the
future.

Here we evaluate the degree to which flux and
properties of mineral dust arriving in the mountain
CZ of southwestern North America are controlled
by the geology of the surrounding lowlands. Field
measurements, remote sensing, and modeling efforts
have established that dust deposition is an active pro-
cess in this region (e.g. Nicoll et al 2019, Kok et al
2021), but it is unclear whether this dust is primarily
delivered by global atmospheric circulation or intra-
regional transport (figure 1(a)). Working with a net-
work of samplers, we test the null hypothesis that dust
properties are uniform across this region, as would
be expected for far-travelled, globally-sourced, well-
mixed material (figure 1(b)). Our alternate hypo-
thesis is that dust deposited in the mountain ranges

represented by our samplers is primarily derived from
the surrounding area, and would therefore have spa-
tially varying physical and chemical properties reflect-
ing the geologies of unique sources (figure 1(c)).

2. Methods

2.1. Study design
We deployed an array of 17 passive dust samplers
(supplemental figure 1) constructed following pub-
lished designs (Munroe 2022a) primarily in moun-
tain locations in the southwestern United States
(figure 2). In northern Utah, samplers were deployed
in the Uinta Mountains (samplers DUST-1 through
DUST-8), the Wasatch Mountains (DUST-9), and at
lower elevations in Salt Lake City (DUST-10) and in
Provo (DUST-17). In southern Utah, samplers were
installed in the Tushar Range (DUST-13) and in the
La Sal Mountains (DUST-14). In eastern Nevada,
samplers were located in the South Snake Range
(DUST-12), the Ruby Mountains (DUST-11), and
the Independence Range (DUST-15). A final sampler
(DUST-16) was deployed in the Albion Range of
southern Idaho (table 1).

Samplers DUST-1 through DUST-14 were in
operation from fall 2020 through June 2021; all but
DUST-14 were emptied in early July of 2021 to yield a
winter dust sample (DUST-14 was inaccessible due to
wildfire). Samplers DUST-15, DUST-16, and DUST-
17 were added in the summer of 2021. All samplers
were emptied in the fall of 2021 to yield 16 sum-
mer dust samples plus an annual sample fromDUST-
14. The deployment of the collectors for months at
a time provides a perspective germane for function-
ing of the CZ, midway between event-scale sampling,
such as dust on snow layers (Lawrence et al 2010),
and the long-term averaging provided by soil and
lake sediment studies (Neff et al 2008, Lawrence et al
2011, Routson et al 2019, Munroe et al 2021). The
overall dataset contains 30 samples: 13 winter dust
(October, 2020 through June, 2021), 16 summer dust
(July through September, 2021), and 1 annual com-
posite (table 1).

2.2. Analytical methods
All samples were evaluated in the laboratory follow-
ing a consistent set of analyses intended to permit
a rigorous comparison of the dust collected at the
17 locations. The depositional flux of mineral mater-
ial was calculated from the dry mass after removal
of organic material. Particle size distribution of the
dust was determined with laser scattering, and dust
color was quantified using standard CIELAB nomen-
clature. The mineralogy of the dust was investigated
using x-ray diffraction (XRD), dust geochemistry was
determined with inductively coupled plasma mass
spectrometry (ICP-MS), and an isotope fingerprint
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Figure 1. (a) Global map of modeled PM10 deposition (from Kok et al 2021). Dust transport operates at overlapping local to
global scales, resulting in uncertainty about the relative balance of global and regional dust in a given area. (b) Schematic
presenting the null hypothesis (H0) that dust deposited in mountain regions of the southwestern United States is primarily
globally sourced, well-mixed, and uniform. (c) Schematic presenting the alternate hypothesis (Ha) that dust reaching these
mountains is dominantly derived from the surrounding lowlands, producing spatial variability in dust properties reflecting the
geologies of unique source areas.

for each sample was defined using the radiogenic iso-
tope metrics 87Sr/86Sr and εNd. Full details of these
methods are presented in the supplemental methods.

Given the number of samples, and the uneven size
of the seasonal collections, non-parametric tests were
used to determine the significance (P < 0.05) of dif-
ferences between seasons. A Mann–Whitney U test
was used for overall differences between winter and
summer dust; a Wilcoxon signed-rank test was used
for paired seasonal samples from DUST-1 through
DUST-13.

HYSPLIT-STILT modeling produced a footprint
map for each collector (Lin 2003, Loughner et al
2021), with concentrations in ppm/[µmol m−2 s−1].
In a GIS, this output was contoured to delineate the
‘hot spot’ surrounding each collector, and this hot
spot was used to clip a geologic map. The areas of dif-
ferent generalized bedrock types within the ‘hot spot’
for each collector were then summarized.

3. Results

We observe large spatial and temporal differences
in depositional flux, and in physical and chemical
properties, of the mineral material collected by our
samplers (Munroe 2022b). Across the study area, dust
is accumulating at rates of 5.3 to >250 mg m−2 d−1

(figures 3 and 4). The overall average flux is sig-
nificantly greater (P < 0.001) during the sum-
mer (mean of 49.0 mg m−2 d−1) compared with
winter (17.5 mg m−2 d−1). The highest summer
flux was recorded by DUST-10 in Salt Lake City
(255 mg m−2 d−1), whereas the lowest fluxes were
at DUST-9 and DUST-12 (<16 mg m−2 d−1).
In winter the greatest flux was also at DUST-10
(102 mg m−2 d−1), with the second highest value
at DUST-9 in the Wasatch Mountain immediately
downwind (27 mg m−2 d−1). As noted in previ-
ous work (Heindel et al 2020), dust flux tends to

3
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Figure 2. (A) Locations of the 17 passive dust collectors (yellow stars). The oval surrounds DUST-1 through DUST-8 in the Uinta
Mountains (UM) of northeastern Utah. The north–south trending Wasatch Mountains are noted as ‘WM’. Inset shows the
location of the larger map (gray box) within the western US.

increase with elevation. However, some of this rela-
tionship is driven by the high fluxes at the lowest elev-
ation near-urban sites in northern Utah. The over-
all geographic pattern is high values near Salt Lake
City, intermediate values in northeastern Utah, and
low values across southern Utah and eastern Nevada
(figure 3).

Themedian grain size of all dust is 9.9µm(6.6φ),
with 29% of the volume of each sample in the very
fine silt (2–7 µm) size class (figure 4, supplemental
figure 2). Abundances of total particulate <10 µm
(PM10) range from 28.7 to 69.8%, with PM2.5 ran-
ging from 9.2% to 21.9% (figure 4). In the seasonal
paired samples from DUST-1 through DUST-13, val-
ues of medium and fine silt are significantly greater
in winter (P = 0.005), whereas very fine silt is sig-
nificantly more abundant in summer (P = 0.043).
The coarsest median grain size in both seasons is at
DUST-10 in Salt Lake City. In winter, the DUST-11
and DUST-12 sites in eastern Nevada are somewhat
coarser than most Uinta sites and DUST-13. In sum-
mer, the eastern Nevada sites are notably coarser than
all of the Uinta collectors.

In CIELAB nomenclature (L∗, a∗, b∗) the aver-
age dust sample is a light colored (mean L∗ of 67.3)
mixture of red (mean a∗ of 3.9) and yellow (mean
b∗ of 11.6) (figure 4). Overall, winter dust is signi-
ficantly lighter (L∗ of 68.7 vs. 66.3, P = 0.007) and
yellower (b∗ of 12.4 vs. 11.0, P< 0.001) than summer
dust. The higher L∗ and b∗ values of summer dust are
also significant when considered as paired seasonal
samples for the DUST-1 through DUST-13 collectors
(P = 0.012 and P = 0.008 respectively). The lowest
L∗ values (darkest) are at the urban samplers DUST-
10 and DUST-17. Values of a∗ are highest (reddest)
for DUST-10, the Uinta samplers, and DUST-14, all
of which are located near areas of reddish bedrock.

In XRD patterns (supplemental figure 3), all
samples contain quartz (characterized by high-
intensity peaks at d-spacings of 3.34 Å and 4.26 Å),
albite (peaks at d-spacings of 3.19 Å and 3.21 Å),
and the clay minerals illite and kaolinite (peaks at
5.0 Å and 10 Å, and 3.56 Å and 7.2 Å, respectively).
The sample from DUST-14 exhibits a broad 12.5 Å
peak that expands after exposure to ethylene glycol,
indicative of smectite. The winter samples from
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Figure 3.Maps presenting the dust flux (mg m−2 d−1) at the 13 collectors in operation during the winter of 2020–21, and the 17
collectors operating during the summer of 2021. The states of Idaho, Nevada, and Utah are noted; SLC marks Salt Lake City.

Figure 4. Plots of dust flux, 87Sr/86Sr and εNd, median grain size, PM10, PM2.5, color in L∗a∗b∗ nomenclature, and the three
principal components calculated for the major element chemistry of the dust samples. Blue stars are for winter 2020–21 and
orange squares are summer 2021. For clarity, the annual sample from DUST-14 is plotted with the summer data. Note the
logarithmic scale for dust flux.

DUST-12 and DUST-13 contain less pronounced
smectite peaks that are not present in the summer
samples from these locations.

After Si (not measured), the ranked abundances
of major elements in the dust are Al (6.7%), Fe
(3.3%), K (2.5%), Ca (1.7%), Mg (1.2%), and Ti
(0.5%). Themost abundant trace element is Ba (aver-
aging 1160 ppm); Mn, Zh, Zr, Sr, Pb, and Cu are
all present at average abundances >100 ppm. When

normalized to Al and ratioed to average abundances
in upper continental crust (Wedepohl 1995), the ele-
ments Sb, Sn, Cd, Zn, Cu, Pb, and As have enrich-
ment factors >5×. Principle component analysis of
the major elements loads Fe, Al, Ti, and Mn on PC-
1, Mg and Ca on PC-2, and K on PC-3. Collectively
these three components explain 80% of the variance.
Values of PC-1 are lowest at DUST-10, and highest
at DUST-9 (figure 4). In contrast, values of PC-2 are

6
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Figure 5.Maps illustrating the coefficient of determination (r2) for all geochemical data across the collector network. DUST-15
(red star), located farthest to the northwest, exhibits the strongest correlation with collectors in Nevada (yellow) and progressively
weaker correlations with collectors in southern Utah (green) and northeastern Utah (blue, black). DUST-8 (red star), at the
eastern end of the Uinta Mountains, is well correlated with the other Uinta collectors, but not with sites to the west or south.
DUST-9 (red star), in the Wasatch Mountains, is well correlated with collectors upwind in Nevada, but not with collectors
downwind in northern Utah.

highest at DUST-10 and quite a bit lower in theUintas
and northern Nevada. The lowest PC-3 is at DUST-
15. The ratio Ti/Zr is highest at DUST-9 in both sea-
sons, and is lowest at DUST-10. In contrast, Ca/Sr is
highest in both seasons at DUST-10.

Spearman rank correlations between collectors
for all measured elements generally exhibit higher r2

values for more proximal samplers, and lower val-
ues for samplers farther apart (figure 5). The most
northwesterly collector, DUST-15, demonstrates the
strongest correlation with other Nevada samplers,
and the weakest correlation with the eastern end of
the Uintas. In contrast, DUST-8 at the eastern end
of the Uintas is well correlated with the other north-
eastern Utah samplers, but less well correlated with
Nevada and southern Utah. Notably, the DUST-9
sampler in the Wasatch Mountains exhibits a strong
correspondencewith samplers upwind inNevada and
southern Utah, but a weaker correspondence with
downwind samplers in the Uintas during both winter
and summer, suggesting that the Wasatch represent a
broad division between the eastern and western sec-
tors of the studied region (figure 5).

The ratio 87Sr/86Sr in the dust ranges from
0.70707 ± 0.00001 (DUST-15 in summer) to
0.73126 ± 0.00001 (DUST-1 in winter), with an
average of 0.71280 ± 0.00532 (table 2). The value
of εNd averages −10.21 ± 2.04, with the lowest value
(−13.69 ± 0.32) at DUST-1 in winter, and the least
negative (−4.94 ± 0.22) at DUST-15 in summer
(table 2). The winter and summer samples from
DUST-9 and DUST-10 fail to overlap in dual iso-
tope space, suggesting that discrete source regions
contribute dust to these locations in different sea-
sons (figure 6). In contrast, the summer and winter
samples from DUST-6, DUST-11, and DUST-12
overlap, indicating source consistency between the
seasons (figure 6). Furthermore, the DUST-6 samples
from theUintaMountainsmatchUinta dust (Munroe
et al 2019) reported from previous years, indicat-
ing that the mixture of source areas dominantly
contributing dust to these mountains is stable over

time. The most distinct sample is DUST-15, which
plots far from the others, with low 87Sr/86Sr and high
εNd, suggesting little commonality with the source
regions for the other collectors.

4. Discussion

4.1. Correlations between geology and dust
Backward trajectory analysis with HYSPLIT-STILT
(Lin 2003, Loughner et al 2021) demonstrates a strong
divergence in the spatial configuration of ‘hot spots’
over which air passed most frequently in route to the
individual collectors in different seasons. Although
STILT cannot unambiguously determine if dust was
entrained from a given area, it does provide a con-
straint on which regions are more likely to have con-
tributed to dust transport. Hot spots for the closely
spaced collectors in the Uinta Mountains overlap to a
large degree, however they become increasingly dis-
crete in the more distal parts of the collector net-
work, with essentially no overlap for the collectors in
southern Utah and eastern Nevada (figure 7). This
bifurcation on either side of the Wasatch Mountains
reinforces the spatial patterns seen in the geochem-
ical data, where dust in the Uintas is internally more
consistent and exhibits greater contrast with dust at
sites farther away to the west and south. Seasonally,
the hot spots are similar between winter and summer
for DUST-6, DUST-11, and DUST-12, which exhibit
similar isotope fingerprints (figure 6). The summer
footprint for DUST-15 also exhibits a great deal of
separation from the others, supporting the unique
isotope fingerprint of dust at that site.

Intersection of these hot spots with a geologic
map (supplemental figure 4) reveals major differ-
ences between dominant lithologies of the hot spots
(supplemental figure 5). For example, unconsolid-
ated Quaternary sediments comprise ∼50% of the
overlapping hot spots for the Uinta collectors, but
this value is higher at other locations, reaching a
maximum of 79% for DUST-12. Conversely, clastic
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Figure 6. Biplot of 87Sr/86Sr and εNd for representative dust samples. Blue symbols denote winter 2020–21, orange is summer
2021, and the green symbol for DUST-14 is an annual sample. The dashed gray oval highlights the range for samples reported for
the Uinta Mountains in previous years (Munroe et al 2019, 2020).

Figure 7.Maps illustrating the ‘hot spots’ for surrounding each collector (stars) determined through STILT backward trajectory
mapping for winter 2020–21 (left) and summer 2021 (right). Hot spots generally overlap for closely spaced collectors in the Uinta
Mountains of northeastern Utah, but are notably more discrete for collectors in more distal parts of the network.

sedimentary rocks comprise 32% of the Uinta hot
spots, 85% of the annual hot spot for DUST-14, and
just 2% at DUST-11 and DUST-12. Volcanic rock is
<2% of the Uinta hot spots and for DUST-14, but
>25% at DUST-15 and DUST-16.

Multiple properties analyzed for the dust samples
exhibit statistically significant relationships with the
extent of different lithologies. For example, the color
values a∗ and b∗ have significant negative correla-
tions with the area of volcanic and intrusive igneous
rock, respectively. Overall dust flux has a signific-
ant positive correlation with volcanic rock, and a
significant negative correlation with the area of clastic

sedimentary rock andQuaternary sediment. The area
of clastic sedimentary rock is also negatively correl-
ated with Ca abundance and Ca/Sr, and positively
correlated with K, La, Rb, Sc, and Rb/Sr. Collectively
these observations reveal that the dust trapped by our
samplers exhibits spatial variations corresponding to
the geology of the surrounding lowlands.

4.2. Implications for the mountain CZ
Our investigation establishes that dust color and
grain size distribution, major and trace element
geochemistry, Sr and Nd isotope fingerprints, and
some aspects of XRD-detectable mineralogy vary
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substantially and often to a statistically signific-
ant degree between different mountain summits in
the southwestern United States. Furthermore, our
backward trajectory modeling demonstrates that air
reaching these locations passes over areas dominated
by contrasting geology. When considered in concert
with the dust grain size distributions, which con-
tain abundant fine and very fine silt, these results
strongly support the hypothesis that the composition
and amount of dust arriving in thesemountain envir-
onments are controlled by the geology of the sur-
rounding lowlands. Although a subordinate compon-
ent of far-traveled, well-mixed dust may be present in
the dust accumulating at our study sites, any homo-
genous background material is masked by variability
stemming from regional factors.

This finding is a significant advance because pre-
vious work (e.g. Neff et al 2008, Skiles et al 2018,
Carling et al 2020, Munroe 2022a) was not designed
to evaluate the multifactor variability in dust proper-
ties betweenmultiplemountain ranges. The few stud-
ies that did consider mountain dust over larger geo-
graphic footprints typically focused on just a single
property, for instance dust concentration (Reynolds
et al 2016), or Ca or P content (Brahney et al 2013,
Scholz and Brahney 2022), or were restricted to just
a single season (Clow et al 2002) rather than collect-
ing dust year-round. Furthermore, previous efforts to
evaluate the geochemical variability of broader dust
source regions relied on samples collected at lower
elevations (Reheis et al 2002, Goldstein et al 2008,
Aarons et al 2017), as opposed to the mountain set-
tings considered here. Our results, therefore, reveal
for the first time the wide-ranging physical and geo-
chemical diversity of dust reaching the ground in the
mountain CZ across the southwestern United States,
and emphasize the control that the geology of the sur-
rounding landscape exerts on the composition of that
dust.

This insight is germane to efforts to predict the
future evolution of mountain geoecosystems due to
changes in the dust cycle in southwestern North
America (Shao et al 2011), and in locations around
the world where mountain environments are influ-
enced by dust deposition (Brahney et al 2019, Di
Mauro et al 2019, Dong et al 2020). For instance,
modeling efforts warn that arid regions in the south-
western United States are poised to become increas-
ingly drought-prone in the future (Cayan et al 2010,
Cook et al 2015, 2020, Williams et al 2022), a change
that will likely drive shifts in the delivery of dust
to the mountains (Brey et al 2020, Li et al 2021).
Prior work has demonstrated that dust deposition
is the primary mechanism supplying plant-available
nutrients to the CZ in many mountain environments
(Brahney et al 2013, 2014, Aciego et al 2017, Arvin
et al 2017). At the locations considered in this study,

the depositional rates of nutrients such as Ca and
K range from 2.7 to 177 g ha−1 yr−1, and 4.4–
75 g ha−1 yr−1, respectively, emphasizing the degree
to which nutrient deposition varies in these environ-
ments under modern conditions. As the dust cycle
adjusts to increasing aridity in dust emitting land-
scapes (Munroe 2022a), some mountain environ-
ments are likely to receive greater or lesser quantities
of important nutrients than they currently do, with
the potential for subsequent changes in soil fertil-
ity and geoecology. Similarly, numerous studies have
illuminated the influence of dust on the timing of
snowpackmelting (Painter et al 2007, 2010, Skiles et al
2015), with evidence that even a single dust depos-
itional event can accelerate final snowmelt by days
to weeks (Skiles et al 2018, Lang et al 2023). Given
the fundamental importance of mountain snow as
a water source in the southwestern United States
(Bales et al 2006) and other regions around the world
(Huning and AghaKouchak 2020), it is critical to
account for possible changes in the dust cycle when
modeling future water availability (Musselman et al
2021, Siirila-Woodburn et al 2021).

5. Conclusion

Analysis of the mineral material collected by our net-
work of dust samplers in the southwestern United
States reveals striking variability in the physical and
chemical properties of dust reaching the mountain
CZ. This result is inconsistent with our null hypo-
thesis that this material is globally-sourced and well-
mixed (figure 1(b)). Instead, this spatial variability
supports our alternate hypothesis that dust reach-
ing these mountains is primarily sourced from sur-
rounding lowlands with unique geologic characterist-
ics (figure 1(c)).

This conclusion has important implications for
management decisions. These landscapes are cur-
rently challenged by urbanization, livestock grazing,
mining, clearing for agriculture, oil and gas devel-
opment, off-road vehicle traffic, and other activities
that can enhance their ability to serve as sources of
dust emission (Duniway et al 2019). Federal entit-
ies such as the Bureau of Land Management, the US
Forest Service, and the National Park Service, along
with local and tribal governments, are responsible for
managing these landscapes, working with consensus-
driven plans that serve as guiding documents for
years or decades after they are written (Forbis et al
2006, Başkent 2018, Brice et al 2020). The reality
that the dust cycle directly connects decisions balan-
cing development and protection in these landscapes,
with geoecology and water availability in downwind
mountains, needs to be explicitly considered in man-
agement plans moving forward.
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doi.org/10.26022/IEDA/112309 (Munroe 2022b).

Acknowledgments

Thanks to G Carling, S Lusk, D Munroe, K Perry,
and A Santis for their assistance in the field, and
D Fernandez for his help with the ICP-MS analysis.
T Desaultel and E McMahon built the dust collect-
ors at Middlebury College. Fieldwork for this Project
took place in the ancestral homelands of the Goshute,
Shoshone, and Ute tribes. This work was supported
by NSF award EAR-2012082 to J Munroe, and by
Middlebury College.

ORCID iDs

Jeffrey S Munroe https://orcid.org/0000-0002-
9356-1899
Michael J Tappa https://orcid.org/0000-0002-
9934-9100
Derek V Mallia https://orcid.org/0000-0003-1983-
7305
Ann M Bauer https://orcid.org/0000-0001-7832-
2112

References

Aarons S M, Arvin L J, Aciego S M, Riebe C S, Johnson K R,
Blakowski M A, Koornneef J M, Hart S C, Barnes M E and
Dove N 2019 Competing droughts affect dust delivery to
Sierra Nevada Aeolian Res. 41 100545

Aarons S M, Blakowski M A, Aciego S M, Stevenson E I,
Sims K W, Scott S R and Aarons C 2017 Geochemical
characterization of critical dust source regions in the
American West Geochim. Cosmochim. Acta 215 141–61

Aciego S M, Riebe C S, Hart S C, Blakowski M A, Carey C J,
Aarons S M, Dove N C, Botthoff J K, Sims K WW and
Aronson E L 2017 Dust outpaces bedrock in nutrient supply
to montane forest ecosystems Nat. Commun. 8 14800

Adebiyi A A, Kok J, Murray B J, Ryder C L, Stuut J-B W, Kahn R A,
Knippertz P, Formenti P, Mahowald N M and
García-Pando C P 2022 A review of coarse mineral dust in
the Earth system Aeolian Res. 60 100849

Arvin L J, Riebe C S, Aciego S M and Blakowski M A 2017 Global
patterns of dust and bedrock nutrient supply to montane
ecosystems Sci. Adv. 3 eaao1588

Ault A P, Williams C R, White A B, Neiman P J, Creamean J M,
Gaston C J, Ralph F M and Prather K A 2011 Detection of
Asian dust in California orographic precipitation J. Geophys.
Res. Atmos. 116 D16

Bales R C, Molotch N P, Painter T H, Dettinger M D, Rice R and
Dozier J 2006 Mountain hydrology of the western United
StatesWater Resour. Res. 42 8432
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