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GRAPHICAL ABSTRACT

Relationship Between Regional Drought and Dust Deposition Revealed by a
10-year Record from a Periglacial Alpine Critical Zone

Dust flux to the Uinta Mountains correlates with aridity in the southwestern US

Dust is very fine silt
with elevated trace
metal content

Dust was collected
for 10 years using
specially designed
passive plers

Drought in SW =
More dust in mountains
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ABSTRACT

Mineral dust was collected with a network of passive samplers in the Uinta Mountains (Utah, USA) over a 10-year pe-
riod to evaluate the relation between regional drought and dust deposition. A total of 72 samples from eight collectors
were analyzed for flux, grain size distribution, mineralogy, geochemistry, and their Sr and Nd isotopic fingerprint. The
dust is primarily very fine silt, with an average median grain size of 11.6 pm. The clay minerals illite and kaolinite are
common in the dust, along with quartz, potassium feldspar, and plagioclase. The most abundant elements (after Si) are
Al > Fe > K > Ca > Mg > Ti. The trace elements Cd, Sn, Sb, Zn, Cu, As, and Pb are present at abundances greatly in
excess of normal levels in upper crustal rocks. Dust fluxes average 14.4 mg/m?/day, generally decrease at higher ele-
vations and toward the eastern end of the range, and are significantly higher in summer. Annual fluxes range from 1.4
to 5.8 g/m?/yr with a decadal average of 3.4 g/m?/yr. Rates of dust deposition are significantly correlated with re-
gional drought severity from the Standardized Precipitation-Evapotranspiration Index (SPEI) for the southwestern
US over 2, 3, and 6-month time scales. Previous work has demonstrated a connection between drought in the south-
western US and the abundance of fine (PM, s) material aloft. This work is the first to use long-term monitoring of an-
nual dust deposition to confirm that the flux of silt-sized dust to mountain ecosystems is significantly correlated with
regional drought severity.

1. Introduction

The entrainment, transport, and redeposition of mineral dust are signif-
icant processes within the functioning of the Critical Zone (CZ), defined as
the “dynamic interface between the solid Earth and its fluid envelopes” (National
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Research Council, 2001; Shao et al., 2011). Sparsely vegetated landscapes
in dryland regions are typically mantled by fine-grained mineral material
in the form of loose sediment and soils (Watson, 1992). Where windspeeds
and particle sizes are appropriate, mineral grains are entrained from these
surfaces as suspended load and carried away (Shao, 2001; Shao and Lu,
2000). Natural and anthropogenic disturbances — including flooding, fire,
agriculture, grazing, off-road vehicle travel, road construction, and extrac-
tion of fossil fuel and mineral resources — that alter the ground surface in
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these settings can greatly increase the abundance of fine-grained material
available for deflation (Belnap, 1995; Neff et al., 2008; Painter et al.,
2007; Wilshire, 1983). Desiccation of terminal lakes as a result of climate
change and water diversions also exposes extensive areas of fine sediments
to wind erosion (Borlina and Rennd, 2017; Gill, 1996; Goudie, 2018;
Reheis, 1997; Wurtsbaugh et al., 2017). The result is a loss of mineral ma-
terial from specific locations on the landscape.

Once aloft, dust can be transported regionally (Neff et al., 2008; Nicoll
et al., 2020; Reynolds et al., 2013) and extra-regionally, i.e. beyond the im-
mediately surrounding region (Aarons et al., 2019; Abouchami et al., 2013;
Bozlaker et al., 2019; Prospero, 1999; VanCuren and Cahill, 2002). During
transport, dust plays a crucial role in the formation of clouds (Froyd et al.,
2022) and the generation of precipitation (Ault et al., 2011; Creamean
et al., 2013; Tobo et al., 2019). In areas of focused dust entrainment, dust
obscuration can influence the amount of sunlight reaching the ground
surface (Kaufman et al., 2001). The capacity of dust and other aerosols to
partially counteract the positive radiative forcing induced by rising atmo-
spheric greenhouse gas concentrations makes them a critical component
of Earth's radiation budget (Zhai et al., 2021).

Significant impacts to the CZ occur when dust returns to the ground, ei-
ther as dry deposition or as wet deposition associated with precipitation
(Bergametti and Forét, 2014). Effects of dust deposition on soil develop-
ment have long been recognized in desert (Reheis and Kihl, 1995; Yaalon
and Ganor, 1973) and tropical environments (Chadwick et al., 1999; Dia
et al., 2006; Dymond et al., 1974; Kurtz et al., 2001), but recent studies
have illuminated the important role of dust deposition in mountain ecosys-
tems. In particular, dust deposition alters the pH and chemistry of surface
water (Brahney et al., 2013; Brahney et al., 2014; Carling et al., 2012;
Psenner, 1999), contributes to soil formation (Dahms, 1993; Lawrence
et al., 2011; Lawrence et al., 2013; Muhs and Benedict, 2006; Tsai et al.,
2021), delivers important nutrients for plant growth and aquatic productiv-
ity (Aciego et al., 2017; Arvin et al., 2017; Ballantyne et al., 2011; Brahney
et al., 2014; Lawrence et al., 2013; Scholz and Brahney, 2022), and de-
creases the albedo of snow, altering the timing of snowmelt (Painter
et al., 2007; Painter et al., 2010; Skiles et al., 2018). Because of the signifi-
cant ecosystem services provided by mountains, including fresh water and
timber, wildlife habitat, and their role as recreational destinations and eco-
nomic engines, impacts of dust deposition on the mountain CZ have consid-
erable societal relevance (Egan and Price, 2017; Grét-Regamey and Weibel,
2020; Grét-Regamey et al., 2012).

Previous work has demonstrated a correspondence between drought
and atmospheric dustiness (e.g. (Hamzeh et al., 2021; Prospero and
Lamb, 2003; Prospero and Nees, 1977; Zoljoodi et al., 2013)), and studies
in the southwestern US have documented that amounts of fine (PM, s) ma-
terial aloft tend to be elevated under enhanced drought conditions
(Achakulwisut et al., 2018; Wang et al., 2017). The number of dust deposi-
tion events at a site in southwestern Colorado was also greater during a
winter with more acute drought in neighboring source regions (Painter
et al., 2007). On the other hand, a connection between regional drought
and annual dust flux to mountain environments has not been directly
investigated, and some studies have reported the lack of a strong relation
between greater amounts of particulate in the air and mountain dust depo-
sition (Lawrence et al., 2010). As a result, not enough is known about rela-
tions between dryland climate and dust delivery to downwind mountain
ecosystems.

Exacerbating this lack of knowledge is the fact that most studies of
mountain dust have operated over relatively short (<2 years) times scales
(e.g. (Aarons et al., 2019; Heindel et al., 2020; Lawrence and Neff, 2009;
Rea et al., 2020)), and many relied solely on dust collected from snow
(e.g. (Lawrence et al., 2010; Skiles et al., 2015)), limiting their implications
to the winter. Continuous multi-year collections of dust have been made in
other locations (e.g. (Prospero, 1999)), and records of past dust deposition
have been developed from mountain sedimentary archives (e.g. (Arcusa
et al., 2020; Munroe et al., 2021a; Routson et al., 2019; Wagenbach et al.,
1996)). Yet long records of dust inputs to the mountain CZ have not been
developed from direct systematic collections.
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Here I present a decadal-scale record of dust deposition in an alpine
ecosystem in the Rocky Mountains downwind of major dust emitting land-
scapes. Samples were subjected to a consistent series of laboratory analyses
to characterize flux, mineralogy, and geochemistry. Separate summer
and winter collections provide the opportunity to compare dust properties
on seasonal timescales. Dust flux and properties were then compared
with the Standardized Precipitation-Evapotranspiration Index (SPEI) for
the southwestern US. The overall hypothesis tested is that dust flux to the
mountain CZ, and properties of that dust, are regulated by aridity in the
southwestern US.

2. Study design

Fieldwork for this project was conducted in the Uinta Mountains (here-
after, the “Uintas”), a Laramide-age uplift of Precambrian siliciclastic rocks
in northeastern Utah, USA (Fig. 1A). The highest elevations of the Uintas
were above the limit of alpine glaciers during the Pleistocene (Munroe
and Laabs, 2009). As a result, extensive areas of this environment feature
gently sloping landscapes mantled by alpine tundra (Munroe, 2006) that
have been evolving under periglacial conditions for timescales of 10°
years or longer (Munroe et al., 2021b). Soils of this upland have been
strongly influenced by dust deposition, which has created a cap of loess
and contributed to the overall soil mineralogy (Bockheim and Koerner,
1997; Bockheim et al., 2000; Munroe, 2007; Munroe et al., 2015; Munroe
et al., 2020; Munroe et al., 2021b). The role of these dust-influenced soils
in controlling water chemistry in the Uintas has been documented by recent
studies (Checketts et al., 2020; Hale et al., 2022).

Purpose-built passive samplers were used to investigate the properties
of modern dust accumulating in the Uintas (Munroe, 2014; Munroe et al.,
2015; Munroe et al., 2019). The collectors are based on the marble dust
trap typically used in dryland research (e.g. (Reheis and Kihl, 1995;
Wesley and Hicks, 2000; Sow et al., 2006)), modified for use in this higher
precipitation environment. Collectors are a clear polycarbonate tray mea-
suring 56 X 56 cm by 7.5 cm deep (Fig. 1B) that is divided into 5 “V-
shaped” troughs, each of which is filled with ~400, 1.75-cm diameter
glass beads (~7 kg per collector). The beads form a rough surface that
traps dust from the air, protects previously deposited dust from the wind,
and reduces the possibility of dust splashing out during precipitation
events. The troughs inevitably collect water as well as dust, but the black
beads heat in the sun to evaporate water between precipitation events. If
the troughs completely fill, a row of small (3 mm) holes allows water to
trickle out. Dust trapped by the beads settles to the base of each trough
where it remains as water evaporates. Technical build sheets detailing the
dimensions, materials, and part numbers for the collectors are presented
in the Supplemental Materials.

The first four collectors (DUST-1 through DUST-4) were deployed in
June of 2011, and four more (DUST-5 through DUST-8) were added in
the fall of 2015 (field photographs of each are provided in the Supplemen-
tal Materials). All were positioned above treeline at elevations greater than
~3400 m asl (Fig. 1A, Supplemental Table 1). As required by the US Forest
Service in exchange for permission to conduct this study, the collectors
were deployed on the ground surface. Dust is rinsed from a collector with
distilled water, typically in early summer (a “winter” sample, ~October
through June) and in fall (a “summer” sample, ~June through October).
By compositing multiple dust delivery events, this strategy provides a per-
spective midway between event-scale sampling, such as dust on snow
layers (e.g. (Lawrence et al., 2010; Skiles et al., 2018)) and plume tracking
with remote sensing (Hahnenberger and Nicoll, 2014), and the long-term
averaging provided by soil (Lawrence et al., 2011) and lake sediment
(Arcusa et al., 2020; Munroe et al., 2021a; Neff et al., 2008) studies.

A total of 13 field visits were made to the Uintas in order to remove dust
from the collectors. The original four collectors were deployed in the sum-
mer of 2011, and visited again in September 2011, July 2012, June 2013,
July 2014, July 2015, October 2015, and July 2016. Three of these four
were visited again October 2016 (DUST-4 was inaccessible due to snow),
and the second set of four collectors was deployed. Return visits were
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Fig. 1. (A) Locations of the 8 passive dust collectors (yellow triangles) in the Uinta Mountains. Blue polygons represent the extent of glacier ice at the Last Glacial Maximum
(Munroe and Laabs, 2009). Inset shows the location of the Uinta Mountains (box) in the state of Utah (UT) in the western United States. (B) Representative photograph of a
passive dust collector (DUST-2). (C) Average grain size distribution (dark blue) of Uinta dust samples (n = 72) collected between 2011 and 2021. Shades of blue represent 1-o

and 2-0 ranges.

then made in June 2017, September 2019, September 2020, June 2021,
and October 2021. Visits that were spaced ~one year apart yielded an
annual sample. The summer and fall visits in 2011, 2012, 2015, 2016,
and 2021 collected dust from specific seasons. The long interval from
2017 to 2019 merged three summers and two winters. It was not always
possible to visit each collector during each trip; in some years, late-lying
snow, fires, road closures, and other challenges precluded access to specific
sites. DUST-1 and DUST-3 were visited the most, at 13 times each (Supple-
mental Table 1). DUST-7, which was destroyed by the wind and later
replaced in the same location, was visited the fewest number of times (5).
The overall dataset consists of 72 samples from 13 different collections,
each involving from 2 to 8 collectors (Supplemental Table 1).

3. Analytical methods

At Middlebury College, dust was concentrated by centrifugation,
treated with 35 % H,0, (~5-10 days) to remove organic matter, and sieved
to 63 pm to remove sand-sized particles assumed to be locally sourced. The
grain size distribution of these samples was then analyzed with laser scat-
tering in a Horiba LA950-v2. This instrument has an effective range from
10 nm to 3 mm, and a refractive index of 1.54 with an imaginary compo-
nent of 0.1i was used in the calculating the grain size distribution on a vol-
ume basis. Massing of the samples after oven drying at 60 °C permitted
calculation of dust flux in mg/m?/day.

The mineralogy of the samples was analyzed on a Bruker D8 Advance
Model X-Ray Diffractometer (XRD). The instrument was operated at
40 kV and 40 mA with a solid-state detector, theta-theta goniometer, and
CuKa radiation. Samples were scanned as oriented powders from 2 to 40°
20. Mineral spectra peaks were identified by visual comparison with stan-
dard reference patterns.

The abundances of various major and trace elements in the dust samples
were determined by Inductively Coupled Plasma Mass Spectrometry (ICP-

MS) at Middlebury College and different external laboratories over the
ten-year period. Appropriate reference materials and internal standards
were incorporated in all analytical runs to permit inter-comparison. In
compiling the dataset discussed in this paper, only elements quantified in
>85 % of the dust samples were considered. The resulting dataset includes
44 elements quantified for 70 separate samples. Principle component anal-
ysis was conducted for the major elements using a varimax rotation to aid
interpretation of the geochemical dataset.

Dust samples were analyzed for Sr and Nd isotopes in the Department of
Geosciences at the University of Wisconsin-Madison. A detailed methodol-
ogy for these analyses was presented in prior work (Munroe et al., 2019).
Briefly, samples were dissolved in concentrated HF and HNO3, followed
by HCL. Cation exchange columns were used to isolate Sr and rare earth el-
ements. Strontium was analyzed by Thermal Ionization Mass Spectrometry
(TIMS) with exponential normalization to an 868r/88sr = 0.1194, and Nd
was analyzed by multi-collector ICP-MS with exponential normalization
to a constant **Nd/***Nd of 0.7219. Following convention, Nd isotope
compositions are presented as eng = ([(***Nd/**'Nd)sample/
(***Nd/***Nd)CHUR]) — 1 x 10* where CHUR is the chondritic uniform
reservoir value of 0.512638 = 0.000005 (Bouvier et al., 2008).

Drought conditions for the past ten years were constrained by the
Standardized Precipitation-Evapotranspiration Index (SPEI) for a region
stretching from the northwest corner of Nevada (42.25° N, 120.25° W),
southeastward to the midpoint of the Arizona/New Mexico border
(34.25° N, 109.25° W). Monthly average values of the SPEI for this region
spanning 1, 2, 3, 6, 12, and 24 months were processed from data obtained
from <https://spei.csic.es/>. Mean values for these intervals were deter-
mined for the duration of each dust collection to constrain hydroclimate
conditions in regional dust source areas. The correlation between SPEI
metrics and dust flux was evaluated with a non-parametric Spearman
rank correlation test, given the skewed nature of the flux data and the
size of the overall dataset.
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4. Results
4.1. Dust properties

Dust in the Uintas has a consistent grain size distribution from site to
site, and from year to year (Fig. 1C, Supplemental Table 2), with an overall
median of 11.6 pm (~6.5¢). Very fine silt (7.8-15.6 um) is the most abun-
dant size class (27 %, by volume). Mineralogically, the dust consists of
quartz, plagioclase, K-feldspar, and illite with trace amounts of kaolinite,
chlorite, and amphibole. The most abundant rock-forming elements
(after Si) are Al (7.0 %), Fe (3.1 %), K (2.5 %), Ca (1.1 %), Mg (1.1 %),
and Ti (0.4 %) (Supplemental Table 3). Trace elements present at
>100 ppm include Ba, Mn, Zn, Zr, Sr, Cu, and Rb (Supplemental Table 3).
Principle component analysis of the major elements loads Mg, Al, and Fe
on PC-1; Mn, Ca, and K on PC-2; and Ti on PC-3, with a complicated pattern
of variability between sites and seasons (Supplemental Fig. 2). When nor-
malized to Al, and compared to normal crustal abundances (Wedepohl,
1995), the elements Cd, Sn, Sb, Zn, Cu, As, and Pb have average enrich-
ments >5 x (Fig. 2). The ratio 8781 /%0Sr in most Uinta dust samples clusters
tightly between 0.711 and 0.718; values of enq are similarly grouped be-
tween —9 and — 11.5 (Fig. 3, Supplemental Table 4).

4.2. Dust fluxes

For the period of record, dust fluxes average 14.4 mg/m?/day, exclud-
ing a single sample (DUST-8, summer 2021) with an exceedingly high
value attributed to local surface disturbance (Fig. 4). Fluxes generally de-
crease at higher elevations and are greater at the western end of the
range. Daily fluxes vary from year to year, but generally exhibit a similar
pattern within each collection (Fig. 5). Annual fluxes range from 1.4 to
5.8 g/m?/yr with an overall average for the decade of 3.4 g/m?*/yr.

4.3. Temporal and spatial contrasts

The pairs of winter/summer samples support consideration of dust
properties on seasonal timescales. Summer dust is significantly finer than
winter dust (median of 8.3 vs. 10.1 pm, P < 0.001), driven by a reduced
component of medium silt (Supplemental Table 5). Daily dust fluxes are sig-
nificantly (P < 0.001) higher in summer (27 vs. 9 mg/mz/ day) (Fig. 5 inset,
Supplemental Table 5). Abundances of Ba, Ca, Cd, Fe, Mn, Ni, Pb, Sn, and
Tb are significantly greater (P < 0.05) in summer dust (Supplemental
Table 6), whereas K is significantly more abundant in the winter (Fig. 6).
There is no difference between PC-1 in summer vs. winter, but PC-2 is sig-
nificantly greater in summer dust, likely due to Ca within plagioclase feld-
spar. In three of the four years, ~40 % of the dust by mass accumulated
during the summer months, and 60 % in winter, but in 2016-17 the propor-
tion was closer to 50:50.
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Fig. 3. Biplot of ®7Sr/%°Sr and enq in Uinta dust, alpine soil, and rock samples.
Samples of exotic Uinta dust cluster tightly with 87Sr/%°Sr between 0.711 and
0.718 and eng between —9 and — 11.5 (orange ellipse). Uinta bedrock samples
(dark red) exhibit considerably more radiogenic #’Sr/2°Sr and more negative eyq,
whereas alpine soil samples (green) are a mixture of the two end members
(Munroe et al., 2020). Exotic Uinta dust samples have a similar isotopic
fingerprint to dust (black stars) reported from southwestern Colorado (Ballantyne
et al., 2011; Lawrence et al., 2011; Neff et al., 2008; Painter et al., 2007), but
have higher eyq values than a dust sample (purple diamond) reported from the
Wind River Range of (WWR) Wyoming (Brahney et al., 2014). Some Uinta dust
samples (red crosses) apparently contain local material that has influenced their
isotope fingerprint.

The composition of Uinta dust is generally similar from site to site and
year to year, with some notable exceptions. Spatially, values of PC-1 (Al,
Fe, Mg) are lower in the two collectors at eastern end of the range (DUST-
7 and DUST-8). PC-3 (Ti) is highest in the westernmost collector (DUST-
6) but fairly consistent elsewhere. In terms of trace elements, Sn and W
are more common at the west end, and Pb at the east end. Some of the
elements significantly more abundant in summer dust, for instance Ba
and Ca, are deposited in greater amounts across the south side of the
range. In contrast, K, which is more abundant in winter dust, tends to be
more common in dust deposited on the north side.

Year to year variability is noted in some elemental ratios; for instance
Ti/Zr had elevated values in the collections between 2011 and 2013
(reaching peak values in the 2012-13 annual sample), and lower and rela-
tively constant values from 2015 to the end of the record. Values of Rb/Sr
and Th/U were also highest in the first few years of the dataset. In contrast,
La/Th was highest in the summer of 2015 and lowest in the final year.

Elemental Enrichment Factors

10 - RERO

Ca

Fig. 2. Average enrichment factors of major and trace elements measured in Uinta dust samples. Values were computed as (Element/Al) relative to (Element/Al) in average

upper continental crust (Wedepohl, 1995). Note the logarithmic scale on the Y-axis.
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Fig. 4. Box and whisker plot displaying the range of dust fluxes (in mg/m?/day) at
the 8 Uinta dust collectors. Collectors 1-4 were deployed in 2011; collectors 5-8
were added in 2015. Horizontal lines represent median values, box represents
interquartile range, whiskers represent interquartile range x 1.5, and dots
represent outliers. Note the Y-axis is broken to permit plotting of the outlier for
the summer of 2021 at DUST-8, a sample likely influenced by local disturbance.

5. Discussion
5.1. Uniqueness of the record

The duration of the Uinta dust record greatly exceeds any previously
published dust collection effort in a mountain setting. Early work in the
Wind River Mountains of Wyoming, for example, collected dust over a
two year period (Dahms and Rawlins, 1996). Extensive work on dust depo-
sition in the San Juan Mountains of Colorado involved collection over five
years, but focused only on dust deposited during the winter (Lawrence
et al., 2010). More recent studies presented a one-year record of dust depo-
sition along an elevation gradient on the east side of the Colorado Rockies
(Heindel et al., 2020), a one-year record from the Sacramento Mountains of
New Mexico (Rea et al., 2020), and three-month collections of dust on the
western side of the Sierra Nevada in California (Aarons et al., 2019). In this
context, the 10-year record from the alpine zone of the Uintas is singular.
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Fig. 5. Timelines of dust flux at the Uinta collectors in mg/m?/day through the
entire period of record. Thick black lines at the top denote collections, whereas
vertical dashed lines mark July 1 each year to highlight the start of summer. Inset
shows dust flux by season, highlighting the significantly greater flux in summer
vs. winter.
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Fig. 6. Average values of major and trace elements in seasonal (winter/summer)
pairs of Uinta dust samples. Elements plotted in red are significantly more
abundant in summer (Ca, Cd, Fe Ni, Sn, Pb, Ce, Mn, Ba) or winter (only K).

Furthermore, most previous studies deployed collectors at a relatively
small number of sites; such as two in the Sacramento Mountains (Hale
etal., 2022), and four in the Sierra Nevada (Aarons et al., 2019), in contrast
to the eight locations in the Uintas. Some studies have utilized larger num-
bers of samplers, for example nine in the Colorado Rockies, but intention-
ally spread them out over a large elevation range (Heindel et al., 2020).
Other projects involved numerous collectors, for instance 15 sites in west-
ern Utah (Goodman et al., 2019) or 55 sites in southern Nevada and Califor-
nia (Reheis and Kihl, 1995), but focused on relatively low elevations. The
Uinta collector network, therefore, is unique in that it was intentionally de-
signed to provide a large amount of information specifically about modern
dust deposition in a high mountain setting during both summer and winter
seasons. This distinction supports use of the Uinta dataset in evaluating con-
nections between dust properties and regional climate.

5.2. Dust properties

The average median grain size (11.6 pm) of Uinta dust (Fig. 1C, Supple-
mental Table 2) suggests that this material is intermediate between regional
(typically >10 pm) and far-traveled dust (typically <10 pm), or is a mixture
of the two (Aarons et al., 2016; Mahowald et al., 2005; Neff et al., 2008).
This dust, therefore, straddles the “large” (i.e. local) and “small” (i.e. far-
traveled) dust categories presented by previous work (Stuut et al., 2009)
and resembles an identified end member in studies of Chinese loess records
(Vandenberghe, 2013). Notably, Uinta dust has a finer modal size (11 vs.
~50 pm) than material described from the San Juan Mountains of Colo-
rado, immediately downwind of the Colorado Plateau (Lawrence et al.,
2010; Neff et al., 2008). On the other hand, the Uinta dust is somewhat
coarser than samples of dust deposited in the past two centuries that were
analyzed from a high-elevation ice core in the Wind River Mountains
(Aarons et al., 2016). The general consistency of the grain size distribution
from site to site illustrates the well-mixed nature of this eolian sediment.

Mineralogically, the variety of phases present in Uinta dust is similar to
other reports from the region, with abundant quartz, potassium and plagio-
clase feldspar, and the clay minerals kaolinite and illite (Lawrence et al.,
2010). Significantly, this composition greatly exceeds the mineralogical
simplicity of the Uinta bedrock, which is dominated by quartz with minor
amounts of K-feldspar (Munroe, 2014). This contrast underscores the im-
portance of dust deposition as a contribution to soil development in these
mountains (Bockheim and Koerner, 1997; Bockheim et al., 2000; Munroe
et al., 2020; Munroe et al., 2021b), as has been reported for other mountain
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settings in the American West (Birkeland et al., 1987; Dahms, 1993; Litaor,
1987; Muhs and Benedict, 2006; Thorn and Darmody, 1980).

The geochemistry of Uinta dust generally resembles other analyses of
mountain dust reported from the region (Supplemental Table 3). In terms
of major elements, Al, Fe, K, and Mg are abundant in Uinta dust at concen-
trations similar to values reported for the San Juan Mountains and the
Front Range in Colorado (Heindel et al., 2020; Lawrence et al., 2010). On
the other hand, the abundance of Ca is similar between the Uintas and
the Colorado Front Range, but is much higher in the San Juan Mountains
(Supplemental Table 3), likely due to proximity to carbonate rocks on the
Colorado Plateau. For trace elements, Pb is notably more abundant in
Uinta dust compared to sites in Colorado, perhaps reflecting emissions
from urban areas in northern Utah. Cu and Co are considerably more abun-
dant in Uinta dust compared with the Colorado Front Range, but are pres-
ent at concentrations similar to the San Juan Mountains. This pattern may
reflect fugitive dust from hard-rock mining operations (Reynolds et al.,
2010).

It is also notable that abundances of many heavy metals are highly ele-
vated in Uinta dust (Fig. 2), a pattern that has been reported by previous
work and interpreted as evidence that anthropogenic activities have altered
the composition of eolian dust in this region (Carling et al., 2012; Heindel
et al., 2020; Lawrence and Neff, 2009; Munroe, 2014; Munroe et al.,
2015). All of the elements in Uinta dust with abundances >5 X average
crustal levels (Cd, Sn, Sb, Zn, Cu, As, and Pb) were shown in lake sediment
records from the Uintas to have increased in the middle to late 1800s, a rise
attributed to mining and smelting in the Wasatch Range immediately to the
west (Reynolds et al., 2010).

Because of their constancy in the face of chemical weathering, the ratio
87Sr/%6Sr and the value eyq are typically used as fingerprints for identifying
dust source regions (e.g. (Pourmand et al., 2014; Zhao et al., 2018)). The
generally consistent range of 87Sr/%°Sr and eyq determined for Uinta dust
(Fig. 3, Supplemental Table 4), therefore, indicates that the same source
areas contribute year after year, with variability reflecting changes in the
relative abundance of different source areas. The few samples that fall out-
side the tightly clustered range (Fig. 3) likely contain material derived from
the area immediately surrounding the samplers (Munroe et al., 2019).
Nonetheless, average values of 878r/86Sr and eyq are similar to those re-
ported from Colorado (Ballantyne et al., 2011; Lawrence et al., 2011; Neff
et al., 2008) and Wyoming (Aarons et al., 2016). Ratios of 875r/86Sr in
Uinta dust also overlap with those measured for playa sediments in western
Utah and dust in the Wasatch Mountains (Carling et al., 2020; Miller et al.,
2014; Munroe et al., 2019). On the other hand, ratios of ¥Sr/°Sr in Uinta
samples are more radiogenic than dust reported from California (Aarons
et al., 2019) or the gypsum-bearing dust reported from New Mexico (Rea
et al., 2020), both of which have ratios 0.708 to 0.710. Uinta dust samples
also have higher values of eng than a dust sample (Fig. 3) reported from the
Wind River Range (Brahney et al., 2014). These differences indicate that at
least some of the dust arriving in the Uintas is coming from different sources
than the dust analyzed in these other studies.

5.3. Dust fluxes

The dust fluxes measured for the Uintas are similar to the range of 0.1 to
11.3 g/m?/yr reported for the Wind River Range in Wyoming (Dahms and
Rawlins, 1996), and 5.9 to 18.9 g/m?/yr on the eastern slope of the Colo-
rado Rockies (Heindel et al., 2020). Higher fluxes have been reported for
sites farther to the southeast in Colorado (Lawrence et al., 2010) and New
Mexico (Rea et al., 2020). Previous work has demonstrated that dust fluxes
are generally lower at higher elevations (Heindel et al., 2020), thus the
lower values in the Uintas may reflect a combination of greater distance
from prominent dust source regions and the position of the Uinta collectors
at elevations higher than in previous studies. Furthermore, values for the
Uintas are likely underestimates given the imperfect efficiencies of marble
collectors (Sow et al., 2006). Nonetheless, at the average flux of 3.4 g/m?/yr,
~1500 metric tons (1.53 x 10° g) of dust accumulates annually across the
~450 km? of alpine terrain in the Uintas (Munroe, 2006).
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5.4. Drivers of seasonal contrasts

Differences between winter and summer dust are attributed to climatic
contrasts between these seasons. Data from the Chepeta remote automated
weather station (RAWS) on the crest of the Uintas (3694 m) reveal that av-
erage wind speeds at high elevations in the Uintas are higher during winter
months (Munroe et al., 2019), which is consistent with the coarser mean
grain size of winter dust. NW winds are also dominant in during the time
when the winter samples accumulate, with southerly winds in summer
(Munroe et al., 2019). The greater abundances of several elements in the
summer dust (Fig. 6, Supplemental Table 6), therefore, suggest that their
major sources are located to the south of the Uintas. The variation noted
in the elemental ratios Ti/Zr, Th/U, Rb/Sr, and La/U, is a further demon-
stration that different dust source regions are dominant in contributing
dust to the Uintas in different seasons, and sometimes between different
years.

5.5. Dust flux relation to drought severity

The decade in which the dust collectors were deployed featured wide
ranges in hydroclimate superimposed on an overall persistent drought re-
gime (Williams et al., 2022). The overall average SPE], for 1 to 24-month in-
tervals, was negative for the decade (Supplemental Fig. 2). Maximum SPEI
values for shorter time intervals (< 3 months) reach ~1.5, yet they decrease
for longer intervals, and for at the 24-month interval, the maximum is ~0
(Supplemental Fig. 2). Minimum values reach — 2 or lower, classified as
“extremely dry” (Dikshit et al., 2021). At the scale of individual collections,
SPEI values were nearly always negative, reaching particularly low values
for the annual 2012-13 sample, the winter 2020-21, and the summer
2021 (Supplemental Table 7).

It is logical that dust flux in the Uintas would correspond with the in-
tensity of drought experienced by the southwestern US as a whole, a re-
gion of expansive arid landscapes that hosts numerous known dust
sources (Hahnenberger and Nicoll, 2014; Hahnenberger and Perry,
2015; Miller et al., 2012; Neff et al., 2008; Painter et al., 2007). Indeed,
the highest values of dust flux for the entire record were attained in the
summer of 2021 when soil moisture in the southwest was exceptionally
low (Williams et al., 2022) and SPEI values for the region considered
in this study were low immediately following a dry winter (SPEI-6
values <—1.00).

Although there is scatter in the data, reflecting the variable number
of samplers emptied with each collection, overall ranked dust flux ex-
hibits a significant negative correlation (Fig. 7) with ranked SPEI-2
(—0.244, P = 0.039), SPEI-3 (—0.253, P = 0.032), and SPEI-6
(—0.252, 0.033). Relationships with longer (SPEI-12 and SPEI-24)
values also exhibit negative correlations, but these are not significant.
Values of SPEI are closely connected with soil moisture (Afshar et al.,
2022), with more negative values reflecting a reduced moisture
level. The significant negative correlation between seasonal (2, 3, and
6 month) SPEI and dust flux (Fig. 7), therefore, confirms the hypothesis
of this study that increasing drought conditions in the southwestern US
(more negative SPEI values) correspond to greater deposition of mineral
dust to the CZ in the Uinta Mountains.

Numerous studies have concluded that arid landscapes like the
southwestern US will become drier in the future (Cayan et al., 2010;
Cook et al., 2015; Seager et al., 2007; Seager et al., 2013), and the
evolving megadrought in this region reinforces the current trend to-
ward drier conditions (Williams et al., 2022). Results from this decade
of dust collection in the Uintas suggest that future increases in drought
severity or extent in the southwestern US will translate into higher rates
of dust deposition in downwind mountains. Given the significance of
dust deposition to the mountain CZ, this connection needs to be incor-
porated into models attempting to predict future dust in the southwest-
ern US in general (Brey et al., 2020), and fluxes to mountain ecosystems
specifically.
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Fig. 7. Significant linear regressions between ranked SPEI metrics (2, 3, and
6 months) and ranked dust flux. P values from a Spearman's rank correlation are
provided alongside the linear fit to the data.

5.6. The role of snow cover

Understanding the controls on dust flux to the Uintas also requires con-
sideration of the role of winter snow cover. The Uintas are a snow-
dominated system, with accumulation typically beginning in October
each year, and snow cover persisting at least locally well into the following
summer. Snow cover at each collector was tracked with temperature
dataloggers during the winters of 2016-17 and 2020-21 revealing dura-
tions from O to 235 days. It is important to note that this approach provides
information solely about the presence/absence of snow above the collector,
not the depth or other properties of that snow. Nonetheless, in both winters
the relation between snow cover duration and dust flux was positive and
significant (Fig. 8). A positive correlation was also noted between dust
flux and snow cover duration during the 12-month interval between fall
of 2019 and fall of 2020, as well as in a multi-year collection spanning sum-
mer 2017 to fall of 2019. Multiple linear regression reveals that overall dust
flux can be well predicted by a combination of snow cover duration (P =
0.005) and SPEI-2 (P = 0.043). If the duration of snow cover corresponds
to snow depth, then this relation suggests that deeper snow contains more
dust leading to greater dust accumulation in the collector upon meltout. Al-
ternatively, it may be that the snow surface itself is an effective trap for
dust, with longer duration of snow cover leading to greater dust capture. Ei-
ther way, it is notable that duration of snow cover at a given collector in the
alpine zone does not correlate in a consistent manner with snow cover

Dust Flux (g/m?/yr)
I

T T T I B

8 @ 2016-17
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Fig. 8. Relation between duration of snow cover above a dust collector and dust flux
during the winter seasons of 2016-17 and 2020-21, the 12-month interval from fall
2019 to fall 2020, and a long-duration collection spanning 2017-19. “DUST-6” and
“DUST-8” mark individual samples excluded from the regressions because of local
disturbance. In all cases a longer duration of snow cover corresponds to greater
dust accumulation.

(depth or duration) at lower elevation SNOTEL sites. The snow cover in
question, therefore, appears to be local drifting controlled by prevailing
winds during specific storm events. Nonetheless, at least for the winter
season, it appears that the duration of snow cover over a collector exerts
an additional control on dust accumulation.

5.7. Further considerations

This work has demonstrated that dust flux to the Uinta Mountains is
strongly correlated with drought conditions in the southwestern US; none-
theless, several considerations must be taken into account when interpret-
ing this result. For instance, it is likely that at least some of the dust
arriving in the Uintas is coming from beyond the southwestern US. Asian
dust, for example, has been geochemically identified in dust arriving on
the western slope of the Sierra Nevada in California, ~800 km to the west
of the Uintas (Aarons et al., 2019; Ault et al., 2011; Creamean et al.,
2013; Creamean et al., 2014) and Saharan dust has been tracked into the
south-central USA (Bozlaker et al., 2019). Studies combining modeling
and monitoring of airborne PM, 5 have also concluded that Asian dust is
dominant in western North America during the spring season in areas re-
mote from local deserts (Kim et al., 2021). If appreciable dust is reaching
the Uintas from beyond the southwestern US, then knowledge of drought
conditions there would fail to capture the situation in all of the relevant
source areas. This possibility is difficult to evaluate definitively; however,
given that the grain size distribution of Uinta dust is consistent with a re-
gional origin (Neff et al., 2008), that isotopic fingerprints of Uinta dust
have been shown to match possible source regions in the southwestern
US (Munroe et al., 2019), and that remote sensing studies and back-
trajectory analyses have tracked dust from the southwestern US into the
Colorado Rocky Mountains (e.g. (Neff et al., 2013; Painter et al., 2007;
Skiles et al., 2015)), it seems unlikely that a large proportion of the silt-
sized Uinta dust is derived from beyond North America.

It is also plausible that the emission of dust from a landscape is a
stochastic phenomenon controlled by local factors that might not always
be captured by a regional perspective like the SPEI metric. Local surface dis-
turbance (Belnap and Gillette, 1998), interactions between frontal system
passage and topography (Hahnenberger and Nicoll, 2012; Nicoll et al.,
2020; Steenburgh et al., 2012), or landscape recovery after fire (Miller
et al., 2012), could all drive the emission and transport of dust from a spe-
cific location. Because the Uinta collectors inevitably merge an unknown
number of dust delivery events into each composite sample, it is possible
that just a few events delivering dust from locations with transient yet
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ideal conditions could be responsible for the majority of a sample, muting
any connection between overall drought and dust flux.

It is also known that different landscapes react to drought in divergent
ways that influence their role as dust sources. For instance, alluvial fans
tend to emit more dust under wetter conditions, because water is required
to transport fine sediment onto the fan surface. In contrast, playas tend to
release more dust in dry years, unless a mineral crust forms and renders
the surface resistant to wind erosion (Reheis and Kihl, 1995; Reynolds
et al., 2007). This trade-off has been employed to explain the counterintui-
tive reduction of dust emission from the Mojave Desert during a dry interval
in the middle Holocene (Tau et al., 2021). As a result, a complicated patch-
work of possible dust sources across the landscape might be activated or
suppressed in response to changing drought severity, obfuscating any sim-
ple or direct linkage with integrated downwind dust flux.

Despite these considerations, the conclusion that dust deposition in the
Uintas is correlated with drought severity in the southwestern US extends
previous work linking drought with air quality and concentrations of fine
material aloft. From this ten-year record it is probable that, if regionally
averaged drought conditions become more severe in the future, the flux
of silt-sized material reaching the Critical Zone in downwind mountain eco-
systems will increase.

6. Conclusion

On the basis of continuous collection spanning the decade 2011-2021,
silt-dominated dust is accumulating in the alpine zone of the Uinta Moun-
tains (Utah) at an average rate of 3.4 g/m?>/yr. The deposition of this mate-
rial, which is mineralogically and geochemically distinct from the
underlying bedrock, exerts a major influence on the development of soils
and overall biogeochemical cycling in this environment. Dust flux to the
Uintas is greater in the summer than in winter, and is significantly corre-
lated with drought conditions in the southwestern US over 2 to 6-month in-
tervals. Dust accumulation during the winter is also correlated with the
duration of snow cover. This study, centered on a uniquely long and spa-
tially focused dust collection, is the first to definitively document a relation
between drought in the southwestern US and the annual flux of silt-sized
dust to the Critical Zone in downwind mountains.
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