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ARTICLE INFO ABSTRACT

Profiles of alpine soils in the Uinta Mountains (Utah, USA) were investigated to determine how long-term dust
Keywords: deposition has influenced soil properties in this environment. Field studies were focused on four above-treeline
Dust sites, all of which were apparently beyond the reach of erosive glacial ice during the Pleistocene. Modern dust,
soil A and B horizons, and local bedrock were compared in terms of major and trace element geochemistry, along
with Sr and Nd isotope compositions. In all cases, soil samples are a mixture of dust and local bedrock end
members, with A horizons more closely resembling dust, and B horizons more similar to bedrock. Calculations
estimate that these soil profiles contain ~50 to 80% dust, which is effectively mixed downward into the solum by
cryoturbation. Because these landscape positions were not glaciated, the total amount of dust contained within
soil profiles is large relative to sites at lower elevation within the glacial limit. In addition to altering physical
properties of these soil profiles, including horizonation and texture, deposition of dust rich in base cations
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positively influences soil fertility.

1. Introduction

In the classic open-system model of soil formation, pedogenesis
occurs in response to inputs to, and outputs from, the soil system, along
with translocations and transformations within the soil profile
(Huggett, 1975). In desert environments, considerable research has
established that the deposition of eolian sediment to the soil surface in
the form of mineral dust is a significant input guiding pedogenesis (e.g.
Reheis, 1999; Reheis and Kihl, 1995; Yaalon and Ganor, 1973). Similar
work has demonstrated that eolian inputs can also exert an important
control on the mineralogy and chemistry of tropical soils (e.g. Dia et al.,
2006; Dymond et al., 1974; Kurtz et al., 2001; Li et al., 2016). A more
recent realization is the role played by dust additions to soils in
mountain ecosystems (e.g. Dahms, 1993; Gild et al., 2018; Johnston,
2001; Kiifmann, 2003; Lawrence et al., 2013; McGowan et al., 2005). In
the western United States in particular, studies have documented ped-
ologic and stratigraphic evidence for past dust deposition (e.g.
Birkeland et al., 1987; Litaor, 1987; Muhs and Benedict, 2006; Thorn
and Darmody, 1980). Some projects have attempted to quantify rates of
contemporary dust accumulation (e.g. Dahms and Rawlins, 1996;
Lawrence et al., 2010; Munroe, 2014), and to identify possible dust
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source regions (e.g. Muhs and Benedict, 2006; Munroe et al., 2019).
Still other studies have investigated the cumulative effects of dust de-
position on soil chemistry and fertility (e.g. Aciego et al., 2017;
Lawrence et al., 2013, Lawrence et al., 2011). Collectively this work has
illuminated the crucial role that dust deposition plays in the form and
functioning of the mountain “critical zone”, defined as the “dynamic
interface between the solid Earth and its fluid envelopes” (National
Research Council, 2001).

Despite this clear and growing recognition of the role of dust as an
input to mountain soil formation, many questions remain unanswered.
For instance, given a paucity of direct measurements, understanding of
how dust deposition rates vary geographically is incomplete (e.g.
Lawrence and Neff, 2009). Information about changes in dust deposi-
tion rates over time is even sparser (e.g. Arcusa et al., 2019; Heindel
et al., 2020; Neff et al., 2008; Routson et al., 2019, Routson et al.,
2016). It is clear from some studies that dust can comprise a substantial
fraction of the parent material for mountain soils (e.g. Aciego et al.,
2017; Lawrence et al., 2011), but this situation has only been in-
vestigated in a few settings for soils formed over a restricted range of
lithologies. Furthermore, studies of soils in high mountain environ-
ments have tended to focus on landscape positions that were glaciated
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during the Pleistocene (e.g. Kiifmann, 2003; Lawrence et al., 2013).
Soils in these areas, therefore, post-date the last deglaciation and
are < 20,000 years old (Clark et al., 2009). As a result, the effects of
dust deposition on alpine soil formation over longer timescales in
periglacial settings are unknown.

Here we investigate the role of long-term dust deposition in the
formation of alpine soils on a periglacial upland in the Rocky Mountains
that was not subjected to Pleistocene glaciation. These soils have likely
formed over timescales of > 10° years under the influence of varying
climatic conditions. Samples of modern dust, soil A and B horizons, and
bedrock collected from 4 different sites were analyzed for a suite of
physical and chemical properties. Results were used to estimate the
average fraction of modern soil profiles comprised of exogenous dust
and to identify the effects of long-term dust deposition on alpine ped-
ogenesis.

2. Setting and methods
2.1. Physical setting

Fieldwork for this project was conducted in the Uinta Mountains
(hereafter, the “Uintas”), a prominent subrange of the Rocky Mountain
System located in northeastern Utah, USA (Fig. 1). The Uintas, which
have maximum summit elevations > 4 km, were uplifted in the early
Cenozoic Era as tectonic convergence along the west coast of North
America drove the Laramide Orogeny (Bradley, 1995; Sears et al.,
1982). The bedrock of the Uintas is a several-km-thick sequence of si-
liciclastic sedimentary rocks including argillite, sandstone, and con-
glomerate (Condie et al., 2001; Dehler et al., 2007). The most resistant
layers in this stratigraphy are the sandstones, ranging from quartz
arenite to arkose, some of which have been metamorphosed to quart-
zite. The Uintas were extensively glaciated at times during Pleistocene,
as illustrated by their well-developed alpine glacial geomorphology
(Laabs and Carson, 2005; Munroe, 2005). During the peak of the last
glaciation, ca. 20,000 years ago, the range hosted > 2000 km? of
flowing glacial ice (Laabs et al., 2009; Munroe and Laabs, 2009). In the
central and eastern part of the Uintas, these glaciers were mostly con-
fined to discrete valleys and only locally overtopped adjacent inter-
fluves. As a result, the highest elevations of the Uintas are a periglacial
landscape that was beyond the reach of the erosive Pleistocene valley
glaciers. Today the landscape above treeline (> 3100 m) is a mosaic of
exposed rock, semi-perennial snowfields, periglacial patterned-ground,
and gently sloping, tundra-mantled alpine soils that are the subject of
this investigation.

Climatic conditions in the alpine zone of the Uinta Mountains are
constrained by the Chepeta remote automated weather station (RAWS),
located at an elevation of 3694 m and central to the study sites for this
project (Fig. 1). This RAWS recorded a mean temperature of —2.0 °C
between January 1, 2000 and December, 31, 2019 (n = 6644 ob-
servations). Annual precipitation, as estimated by PRISM data,
averages ~ 900 mm (“PRISM Climate Group, Oregon State U,” n.d.),
much of which falls as snow.

2.2. Fieldwork

Fieldwork for this project focused on collection of three types of
material for use in elucidating the contribution of dust to alpine soils:
dust, soil, and bedrock. Contemporary dust samples have been collected
at locations throughout the alpine zone of the Uintas since 2011
(Munroe, 2014). Dust is collected in passive samplers that are a varia-
tion of the classic marble dust trap (Reheis and Kihl, 1995; Sow et al.,
2006; Wesely and Hicks, 2000) altered for use in a high-precipitation
environment. Briefly, each sampler features a clear polycarbonate tray
measuring 56 X 56 cm by 7.5 cm deep. The trays are divided into 5
troughs with a V-shaped cross-section, each of which is filled with 1.75-
cm diameter glass beads (~7 kg per sampler). The beads form a rough
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surface that traps dust from the air, protects previously deposited dust
from the wind, and greatly reduces the possibility of dust splashing out
during precipitation events. The troughs inevitably collect water as well
as dust, but the black beads allow for solar heating to evaporate water
between precipitation events. If the troughs completely fill, a row of
small (3 mm) holes at the rim of each trough allows water to trickle out.
Dust trapped by the beads settles to the base of each trough where it
remains as water evaporates (or overflows). Dust is removed from the
sampler by washing the beads and troughs with distilled water
(Munroe, 2014; Munroe et al., 2019, Munroe et al., 2015).

There are currently 8 passive dust samplers deployed throughout
the Uinta Mountains. Four of these in the eastern part of the Uintas
were utilized in this project: Dust-1, Dust-5, Dust-7, and Dust-8 (Fig. 1).
These four were selected because they are located in relatively flat areas
surrounded by alpine tundra vegetation overlying well-developed soils.
Previous studies of soil profiles in this region also provide context for
the results generated by this project (Bockheim et al., 2000; Bockheim
and Koerner, 1997; Munroe, 2007; Munroe et al., 2015).

Soil samples were collected in two types of hand excavations in the
near vicinity (< 100-m radius) of the dust samplers (Fig. 1). First, at
three sites a full profile was examined from the surface down to rela-
tively unaltered material (~70-100 cm). These profiles were described
following standard methodologies, and samples were collected from
each identified horizon. In combination with previously published work
on Uinta alpine soils, these pedon descriptions contextualize the degree
of development of the soils surrounding each dust sampler. Second, at
multiple sites around each dust sampler, shallow hand excavations were
made and a representative sample was taken from the A horizon and
the B horizon of the soil profile. This strategy provided information
about soil pedons in the four study areas, maximized the number of
samples available for analysis, and utilized field time effectively in this
difficult-to-access region. Soil sampling locations were selected on
broad ridge crests and flat landscape positions to minimize the chance
that soil profiles were influenced by solifluction. Samples were col-
lected in Whirl-Pak bags, and the location of each site was recorded in a
handheld GPS.

Representative samples of quartz arenite and quartzite bedrock
were gathered from the ground surface in the vicinity of each dust
sampler. These were presumably uplifted from the (otherwise in-
accessible) bedrock beneath the regolith and soil mantle by periglacial
processes.

A total of 17 dust samples were collected between 2011 and 2019 at
the study sites considered in this project (Dust-1, Dust-5, Dust-7, and
Dust-8, Fig. 1). During fieldwork, 24 paired samples of soil A and B
horizons were collected from the vicinity of these dust samplers: 4 pairs
near Dust-1, 8 pairs near Dust-5, 3 pairs near Dust-7, and 9 pairs near
Dust-8 (Fig. 1, Table 1). Full soil profiles were described and sampled at
Dust-1, Dust-7, and Dust-8 (Table 2); the soil at Dust-5 was too rocky,
and despite considerable effort, it was not possible to excavate a deep
soil pit at this location (Fig. 1). All together, 58 soil samples, and 15
rock samples, were collected.

2.3. Labwork

Samples of modern dust, soil, and local bedrock from each of the
study sites were subjected to an array of laboratory analyses to con-
strain their physical and chemical properties. Prior to analysis, the fine
fraction of soil samples was isolated by sieving to 2-mm after drying for
24 h at 60 °C. Organic matter was removed from dust and soil samples
with 35% H,0, over 7 days. Rock samples were crushed for 1 min in a
shatterbox to produce a uniform fine powder.

2.3.1. Grain size analysis

The grain size distribution of the dust and fine fraction of the soil
samples was investigated by laser scattering in a Horiba LA-950.
Samples were dispersed in 3% sodium hexametaphosphate for 1 week,
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Fig. 1. Location map of the study area in the Uinta Mountains. Inset shows the location of the Uinta Mountains (black box) in northeastern Utah (UT). The gray
polygon delineates the Rocky Mountain province in the western United States. The blue triangle denotes the location of the Sierra Nevada study (Aciego et al., 2017)
and the purple diamond marks the location of the San Juan Mountain study (Lawrence et al., 2011) mentioned in the discussion. Larger figure shows a true color
image of the eastern Uinta Mountains with the four study areas identified (Dust-1, Dust-5, Dust-7, and Dust-8). The Chepeta weather station is located at the Dust-1
site. Lower figures present enlargements of these four study areas with site-specific scale bars. The background image in each is a 1-m normalized differential
vegetation index (NDVI) to highlight the nature of the periglacial patterned ground at these sites. Greener colors represent more vegetation; orange colors indicate
more bare rock. The passive dust samplers are represented by purple stars. Green squares mark the locations of the described soil profile (at Dust-1, Dust-7, and Dust-
8). Red circles denote sites of paired A and B horizon samples.

Table 1

Locations, Moisture Content, Organic Content, and Grain Size Distribution of Soil Samples.
Sample Name Location Latitude Longitude Elevation Horizon Moisture Organic  Mean Size Median Size Sand Silt Clay (Clay/ (Silt + Clay)/Sand

Matter Sand)

- - D.dddddd  D.dddddd m - % % pum pm % % % - -
Dust-1-A* Dust-1 40.809955 —110.073329 3691 A 5.4 8.7 41.2 17.4 19 70 11.1 0.6 4.3
Dust-1-2Bw*  Dust-1 40.809955 —110.073329 3691 2Bwijj 0.8 1.2 34.8 11.5 141 81 5.19 0.4 6.1
Dust-1-2Bt* Dust-1 40.809955 —110.073329 3691 2Btjj 0.5 0.8 50.4 10.6 217 72 592 0.3 3.6
Dust-1-2BC*  Dust-1 40.809955 —110.073329 3691 2BGjj 1.5 1.7 34.3 9.9 145 76 9.39 0.6 5.9
1-E-top Dust-1 40.810298 —110.072935 3691 A 12.9 10.2 124.8 38.4 42.7 526 4.7 0.1 1.3
1-E-bottom Dust-1 40.810298 —110.072935 3691 B 10.6 2.5 112.7 19.2 37.2 46.8 16.0 0.4 1.7
1-N-top Dust-1 40.810691 —110.073538 3691 A 9.0 7.5 162.8 116.0 56.2 369 69 0.1 0.8
1-N-bottom Dust-1 40.810691 —110.073538 3691 B 7.8 2.6 127.7 25.5 41.3 455 131 03 1.4
1-S-top Dust-1 40.810030 —110.073252 3691 A 8.5 5.9 150.0 79.5 531 393 76 0.1 0.9
1-S-bottom Dust-1 40.810030 —110.073252 3691 B 5.8 2.1 160.1 64.1 50.1 39.2 10.7 0.2 1.0
1-W-top Dust-1 40.810275 —110.073656 3692 A 121 7.0 186.6 164.3 625 31.6 59 0.1 0.6
1-W-bottom Dust-1 40.810275 —110.073656 3692 B 6.1 1.3 128.9 49.0 46.8 493 39 0.1 1.1
Dust-5-1 T Dust-5 40.701072 —110.100432 3591 A 5.4 28.3 19.2 10.2 5.0 81.9 131 26 19.1
Dust-5-1B Dust-5 40.701072 —110.100432 3591 B 1.3 5.7 44.9 14.7 21.0 621 169 0.8 3.8
Dust-5-2 T Dust-5 40.700905 —110.100642 3592 A 3.1 11.6 32.8 11.3 131 714 156 1.2 6.7
Dust-5-2B Dust-5 40.700905 —110.100642 3592 B 3.4 15.3 28.8 12.9 121 71.2 16.7 1.4 7.3
Dust-5-3 T Dust-5 40.700814 —110.100796 3592 A 4.2 19.4 20.9 8.5 7.8 735 187 24 11.8
Dust-5-3B Dust-5 40.700814 —110.100796 3592 B 2.0 5.8 25.2 9.6 9.8 725 17.7 1.8 9.2
Dust-5-4 T Dust-5 40.701106 —110.100958 3593 A 5.9 30.7 19.9 11.0 5.9 84.0 10.1 1.7 15.9
Dust-5-4B Dust-5 40.701106 —110.100958 3593 B 1.2 2.7 24.9 10.9 106 833 6.1 0.6 8.4
Dust-5-5T Dust-5 40.700987 —110.101010 3593 A 4.2 20.5 22.3 11.1 7.9 77.9 143 1.8 11.7
Dust-5-5B Dust-5 40.700987 —110.101010 3593 B 1.0 2.4 19.2 8.8 5.8 899 43 08 16.4
Dust-5-6 T Dust-5 40.700936 —110.100861 3592 A 4.8 21.2 17.4 7.9 5.4 75.9 187 3.5 17.6
Dust-5-6B Dust-5 40.700936 —110.100861 3592 B 0.5 1.8 128.1 109.0 55.7 336 10.7 0.2 0.8
Dust-5-7 T Dust-5 40.700904 —110.100482 3591 A 4.7 23.3 24.9 13.3 9.3 76.6 14.1 1.5 9.7
Dust-5-7B Dust-5 40.700904 —110.100482 3591 B 2.1 6.4 24.6 9.9 9.5 76.3 141 1.5 9.5
Dust-5-8 T Dust-5 40.701093 —110.100824 3592 A 5.8 31.6 34.6 14.2 134 76.1 105 0.8 6.5
Dust-5-8B Dust-5 40.701093 —110.100824 3592 B 1.8 6.8 21.6 8.0 8.5 80.1 11.4 1.3 10.8
Dust-7-AT* Dust-7 40.870616 —110.182708 3589 A 2.4 11.2 22.0 10.5 8.1 72.7 19.2 24 11.4
Dust-7-AB* Dust-7 40.870616 —110.182708 3589 2Bwijj 2.7 5.6 12.2 7.3 1.3 80.1 18.6 14.8 78.4
Dust-7-BT Dust-7 40.870470 —110.182769 3589 A 21 7.6 21.1 10.8 6.9 755 17.6 25 13.4
Dust-7-BB Dust-7 40.870470 —110.182769 3589 B 0.5 1.4 206.4 33.3 43.8 47.7 84 0.2 1.3
Dust-7-CT Dust-7 40.870590 —110.182358 3590 A 1.7 8.7 34.2 15.5 15.2 727 121 0.8 5.6
Dust-7-CB Dust-7 40.870590 —110.182358 3590 B 0.8 3.6 87.3 33.1 374 539 87 02 1.7
Dust-7-DT Dust-7 40.870787 —110.182629 3589 A 2.5 9.0 17.4 7.4 5.5 75.1 19.5 3.6 17.3
Dust-7-DB Dust-7 40.870787 —110.182629 3589 B 0.8 2.1 42.0 11.6 16.6 67.1 16.3 1.0 5.0
Dust-8-A* Dust-8 40.768058 —109.835042 3663 A 13.3 22.7 15.3 6.7 4.3 71.9 237 55 22.1
Dust-8-2Bw*  Dust-8 40.768058 —109.835042 3663 2Bwjj 1.3 3.1 36.8 13.8 16.2 728 11.0 0.7 5.2
Dust-8-2Bt* Dust-8 40.768058 —109.835042 3663 2Btjj 1.1 1.8 46.5 21.7 231 704 65 03 3.3
Dust-8-2BC* Dust-8 40.768058 —109.835042 3663 2BGjj 1.4 1.9 40.3 13.3 199 650 151 0.8 4.0
Dust-8-BT Dust-8 40.768203 —109.835036 3664 A 12.9 39.8 25.1 13.2 9.1 77.7 132 1.4 10.0
Dust-8-BB Dust-8 40.768203 —109.835036 3664 B 2.2 6.4 26.7 13.0 109 769 121 1.1 8.1
Dust-8-CT Dust-8 40.767909 —109.835156 3662 A 6.4 31.0 29.1 15.0 11.6 76.3 122 1.1 7.6
Dust-8-CB Dust-8 40.767909 —109.835156 3662 B 2.0 6.5 26.0 12.9 105 780 115 1.1 8.5
Dust-8-DT Dust-8 40.767828 —109.835369 3660 A 7.3 38.7 25.8 13.2 9.9 76.3 139 1.4 9.1
Dust-8-DB Dust-8 40.767828 —109.835369 3660 B 1.8 5.9 26.1 11.0 10.4 78.0 11.6 1.1 8.7
Dust-8-ET Dust-8 40.768351 —109.835422 3662 A 5.3 26.9 20.9 8.1 7.2 71.5 21.3 3.0 12.9
Dust-8-EB Dust-8 40.768351 —109.835422 3662 B 1.5 6.0 37.5 13.6 17.2 67.1 157 0.9 4.8
Dust-8-FT Dust-8 40.768084 —109.835275 3662 A 2.7 10.1 25.4 14.1 9.4 79.1 115 1.2 9.6
Dust-8-FB Dust-8 40.768084 —109.835275 3662 B 1.2 4.0 50.9 19.0 241 654 105 0.4 3.1
Dust-8-GT Dust-8 40.768308 —109.834782 3665 A 5.3 26.1 28.4 12.7 10.2 758 14.0 1.4 8.8
Dust-8-GB Dust-8 40.768308 —109.834782 3665 B 1.9 4.3 26.4 11.3 101 778 121 1.2 8.9
Dust-8-HT Dust-8 40.768273 —109.834640 3666 A 2.2 9.3 31.1 13.6 12.7 77.6 96 0.8 6.9
Dust-8-HB Dust-8 40.768273 —109.834640 3666 B 1.6 5.7 36.8 14.8 159 786 55 0.3 5.3
Dust-8-1T Dust-8 40.768004 —109.835401 3661 A 7.5 28.2 18.8 7.0 5.2 722 227 4.4 18.3
Dust-8-1B Dust-8 40.768004 —109.835401 3661 B 1.7 3.6 31.5 14.7 13.7 738 125 0.9 6.3
Dust-8-JT Dust-8 40.767920 —109.834848 3664 A 6.3 31.3 21.3 9.7 7.4 76.1 16.4 2.2 12.4
Dust-8-JB Dust-8 40.767920 —109.834848 3664 B 2.3 8.9 34.3 13.0 147 693 16.0 1.1 5.8

*Samples from full profile.
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Table 2

Field Descriptions of Soil Profiles.
Site Horizon Depth*  Thickness** Boundary Color Texture Primary  Secondary Moist Wet Roots Stones Cobbles Gravel
- - cm cm - - - Structure  Structure  Consistence Consistence - % % %
Dust-1 A 0-28 28-70 Al 7.5YR 2.5/2 Si 5% cbk fgr mvfr 50/ps 2mf 5 10 10
Dust-1  2Bwjj 28-60 5-30 CI 5YR 4/4 S 5% mgr fgr mvfr 50/po 1fvf 10 10 25
Dust-1  2Btjj 60-85 25 CI 5YR 4/4 LS 10%  fsbk fgr mfr 50/po - 20 15 20
Dust-1  2BCjj 85-92+ 7+ - 5YR 4/6 SL 5% sg - mvfr so/po - 20 10 10
Dust-7 A 0-15 15 AL 7.5YR 2.5/2 Si 5% fgr - mvfr ss/po 3f,vf2m 10 10 5
Dust-7  2Bwjj 15-67+ 52+ - 5YR 4/4 SL 5% fpl - mfr so/po lco,m, f 25 15 10
Dust-8 A 0-12 10-23 CcwW 10YR 2.5/1  Si 5% fgr - mfr ss/po 3f,vf2m 5-10 5 20
Dust-8  2Bwjj 12-37 25-30 cw 5YR 4/4 S 0% fpl sg mvfr 50/po lco,m, f 25 15 25
Dust-8  2Btjj 37-60 20-25 cw 5YR 4/3 SiL 10%  fpl mgr mfi ss/ps lco,m, f 20 10 10
Dust-8  2BGjj 60-70+ 10+ - 5YR 4/6 SL 5% fsbk vfsbk mvfr ss/ps - 20 10 10

*Depth below ground surface in described section.

**Range in thickness across the width of the excavated pit (~100 cm).
Boundary: Al, abrupt irregular; CI clear irregular; CW, clear wavy.
Texture: Si, silt; S, sand; LS, loamy sand; SL, sandy loam; SiL, silt loam.
Structure: Ped size — ¢, coarse; m, medium; f, fine; vf, very fine.

Structure: Ped shape - bk, blocky; gr, granular; sbk, subangular blocky; pl, platy; sg, single grain.
Consistence: mvfi, very firm; mfr, friable; mfi, firm; so, nonsticky, ss, slightly sticky; po, nonplastic; ps, slightly plastic.

Roots: 1, few; 2, common, 3, many; vf, very fine; f, fine; m, medium; co, coarse.

and mechanically mixed and sonified immediately before analysis. The
LA-950 has an effective range from 10 nm to 3 mm, and a refractive
index of 1.54 with an imaginary component of 0.1i was used in cal-
culating the grain size distribution. The abundance of particle size
classes was determined from the cumulative distribution curve as:
coarse sand, > 500 um; medium sand, 500-250 pm; fine sand,
250-125 um; very fine sand, 125-63 um; coarse silt, 63-30 pm;
medium silt, 30-14 pm; fine silt, 14-7 um; very fine silt, 7-2 pm;
clay < 2 pm.

2.3.2. Loss-on-Ignition

Soil samples were subjected to sequential loss-on-ignition (LOI)
analysis in a Leco TGA-701 thermogravimetric analyzer. Samples (~5
g) were first heated to 105 °C for 3 h under a N, atmosphere to calculate
moisture content. Next, the temperature was increased to 550 °C under
an ambient atmosphere for 4 h to determine mass loss as a proxy for
organic matter content (Dean, 1974).

2.3.3. Geochemistry

Determination of major and trace element abundances in dust, soil,
and rock samples was conducted with a combination of X-ray fluores-
cence (XRF) and Inductively-Coupled Plasma Mass Spectrometry (ICP-
MS). In preparation for analysis, samples of soil and powdered rock
were ignited at 1000°C in a Leco TGA-701 thermogravimetric analyzer.
After ignition, soil samples along with some rock samples were ground
with a mortar and pestle and then added to a borate flux (66.67%
Li,B40; — 32.83% LiBO, — 0.50% Lil) in a platinum crucible. This
mixture was then heated to 1065 °C for 20 min in a Le Neo Fluxer to
produce a glass disk that was analyzed for major and some trace ele-
ments on a Thermo ARL Quant’X EDXRF. Results were calibrated with
the USGS Glass Mountain Rhyolite (RGM-1) standard, along with in-
house standards constructed from NIST materials, all of which were
made into glass disks in the same manner as samples.

Major and trace element abundances in dust samples, along with
some rock samples, were determined through ICP-MS analysis. Some
dust samples were analyzed at Middlebury College on a Thermo iCapQ
ICP-MS after lithium metaborate fusion and dissolution in trace-ele-
ment grade nitric acid. Other samples were analyzed at SGS Minerals
following methods GE-ICP91A50 and GE-ICM40B after multi-acid di-
gestion and fusion.

Major element abundances results reported by the XRF in the form
of weight percent oxide were converted to atomic (elemental) abun-
dances for comparison with results generated by ICP-MS analysis. To

avoid the diluting effect of quartz that is the major mineral in the Uinta
lithologies, major element abundances were normalized to Fe (Reheis
et al., 2002). For the 10 elements measured in all dust, soil, and rock
samples (Na, Mg, AL K, Ca, Ti, Fe, Rb, Sr, and Zr) a principle component
analysis was conducted using a varimax rotation and an eigenvalue
extraction threshold of 1. This process simplified the full geochemical
dataset to the minimum number of components necessary to summarize
the variability in major and trace element abundances.

2.3.4. Sr and Nd isotopes

Representative dust, soil, and rock samples were analyzed for their
Sr and Nd isotope values in the ICP-TIMS Isotope Laboratory at the
University of Wisconsin-Madison. Eighteen samples of dust and rock
analyzed in February 2020 were added to existing results (Munroe
et al., 2019) to produce a comprehensive dataset on Sr and Nd varia-
bility in Uinta dust, soils, and rock. A detailed methodology for these
analyses was presented in prior work (Munroe et al., 2019) and the data
reported in this study were generated following the same methods.
Strontium was analyzed by Thermal Ionization Mass Spectrometry with
exponential normalization to an %Sr/%8sr = 0.1194, and Nd was
analyzed by multi collector inductively coupled plasma mass spectro-
metry with exponential normalization to a constant '**Nd/'**Nd of
0.7219. During the course of this study, the average 3”Sr/%Sr for SRM-
987 was 0.710275 = 0.000020 (20; n = 20) and for the USGS N-1
standard the average " Sr/%°Sr was 0.709198 = 0.000006 (20; n = 6).
For Nd isotopes the average !**Nd/!*Nd for JNdi-1 was
0.512114 = 0.000010 (20; n = 16) and for the in-house UW Ames I
standard the average '**Nd/'**Nd was 0.512146 = 0.000014 (20;
n = 10). The isotope ratios measured for the standards in this study
agree with the isotope ratios reported for these standards in Munroe
et al. (2019); no inter-laboratory corrections were applied.

2.3.5. Mixing model

Given their setting, alpine soils of the Uintas can reasonably be
modeled as a mixture of two different mineral parent materials, dust
(D) and local bedrock (R), which can be treated as endmembers. With
this starting assumption, the following mixing model (Colville et al.,
2011; Faure, 1997) was employed to determine the fraction of dust
(f qusp) in soil samples:

— f;iust [Ce ] (Rdust) + \f;'ggk [Ce] (Rruck)
ft‘ius[ [Ce] + f;'ock [CE]

Ry, is the value of %7Sr/%°Sr or **Nd/!**Nd (expressed as eyq)

Ry
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Fig. 2. Sketches of the soil profiles described at Dust-1, Dust-7, and Dust-8. The soil was too rocky for a full-scale excavation at Dust-5. Horizons designations are
presented, along with the nature of boundaries, and the locations of larger coarse fragments. No attempt was made to draw the abundant gravel and smaller cobbles.
Lower right presents the colors of the four horizons identified in the soil profile at Dust-8. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

calculated for a particular soil sample. C, is the average concentration
of Sr or Nd measured in the dust and rock end members. R, is the
concentration-weighted average value of 87Sr/%6Sr or eyq in the rock
and dust end members. The sum of fz, and f,o« equals 1, therefore
froce = (1 —faus). The equation was solved for 87Sr/%6Sr and eng by
varying faus: from O to 1.0 in steps of 0.01 to yield a mixing line for each
element. Values of 87Sr/%Sr and eyq determined for the soil samples
( = 20) were then intersected with these mixing lines to determine the
range of dust fractions in the soils.

3. Results

The full soil profiles described and sampled at Dust-1, Dust-7, and
Dust-8 exhibit strong similarity with one another, along with abundant
evidence for cryoturbation (Fig. 2, Table 2). Each profile contains a
dark black A horizon (7.5YR 2.5/2 or 10YR 2.5/1) from 10 to 20 cm
thick that exhibits granular structure and a relatively low abundance of
coarse fragments. In all profiles this A horizon transitions across an
irregular boundary to a 2Bwjj horizon with a redder color of 5YR 4/4.

Platy structure is clearly visible in this horizon in the profile at Dust-7
and Dust-8. This horizon also exhibits the impact of profound cryo-
turbation at Dust-1, where a tongue of B horizon material appears to
rise toward the surface, flanked by downwarped sections of A horizon
(Fig. 2). An isolated pocket of 2Bwjj material was also observed within
the A horizon. Such evidence for cryoturbation is consistent with the
well-developed sorted stone polygons present in all of these sites, and
the strong periglacial climate.

Deeper in the profiles at Dust-1 and Dust-8, a 2Btjj horizon was
encountered (Fig. 2, Table 2). Clay contents in this material are greater
than in the overlying cambic horizon, and evidence for translocation of
silt (in the form of silt caps on clasts) and clay (as cutans and clay
bridges) was noted. A wavy lower boundary for this horizon at both
Dust-1 and at Dust-8 is further evidence of cryoturbation at depths >
50 cm.

The profiles at Dust-1 and Dust-8 reached a 2BCjj horizon where the
clay and silt content decreased again and structure trended toward very
fine subangular blocky and single grain (Fig. 2, Table 2). Similarly
unaltered material was not encountered in the excavation at Dust-7,
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Fig. 3. Grain size distributions for dust and soils determined by laser scattering. (a) Average grain size distribution for dust (n = 51), A horizon (n = 27), and B
horizon (n = 31) samples. (b) Average A horizon and (c) average B horizon size distributions for each of the four sites. All samples have a prominent
mode ~ 10-15 pm. Soil horizons also contain a mode in the sand range; this is notably elevated in the A horizons at Dust-1 (dotted line), as discussed in the text.

although the distinction with the 2Bwjj and 2Btjj horizons is subtle, so
2BCjj material may have been missed at this site.

Grain size distributions reveal similarities, but also clear differences
between dust and soil sample types. Dust samples collected across the

Uintas between 2011 and 2019 (n = 51) are uniformly well-sorted with
an average grain size of ~ 15 um (Fig. 3a). The A and B horizon samples
exhibit considerable overlap with one another, reflecting the degree of

mixing in these cryoturbated soil profiles. In general, grain size
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Fig. 4. Boxplots illustrating differences between soil A and B horizons. Central lines represent median values, box represents interquartile range, whiskers represent
interquartile range X 1.5, and stars represent outliers. A horizons have significantly higher ratios of Clay/Sand and (Silt + Clay)/Sand compared with B horizons. A
horizons also have significantly greater moisture content and organic matter abundance. Note that Y-axes are logarithmic.

distributions of the soil samples are multi-modal, with a prominent
mode centered on fine silt (10-15 um), a minor secondary mode in the
fine to coarse sand (150-500 pm) range, and a third mode of submicron
material (Fig. 3a).

Individual A-B horizon pairs exhibit a range of patterns; typically
the A horizons are finer, but not in all cases (Table 1). Close inspection
of the average grain size distributions reveals that B horizons at Dust-5,
Dust-7, and Dust-8 are generally coarser than A horizons at these sites
(Fig. 3b,c). It is also clear that both types of horizons contain a fine silt
peak (~15 pm) matching that of the modern dust (Fig. 3b,c). The Dust-
1 site is an outlier, with considerable sand in the A horizon (Fig. 3b).
Previous work has presented evidence for redistribution of locally de-
rived, coarse sediment across the ground surface at this site by winter
winds (Munroe et al., 2019), which likely explains the prominent spike
of coarse material in the average grain size distribution of the surface
soil (Fig. 3b).

In general, the abundance of silt alone is not significantly different

between A and B horizons (Table 1). On the other hand, clay-sized
material is significantly more abundant in A horizons overall, and sand
is significantly more abundant in B horizons. The ratio Clay/Sand,
therefore, is strongly contrasting between the two types of horizons
(Fig. 4), with a mean of 1.8 in A horizons, and 1.2 in B horizons
(P = 0.007). The ratio (Clay + Silt)/Sand is similarly contrasting, with
a mean of 10.1 in the topsoil and 7.9 in the subsoil (P = 0.009).
Loss-on-ignition analysis further reinforces the distinction between
A and B horizons in terms of their moisture and organic matter contents
(Fig. 4, Table 1). The mean moisture content of A horizons (n = 27) is
6.1%, in contrast to 2.3% for the B horizon samples (n = 31). Similarly,
the mean organic matter content of the A horizons, constrained as
percent mass loss at 550 °C, is 19.5% in contrast to 4.2% for the B
horizons. Both of these differences are highly significant (P = 0.000).
The combination of XRF and ICP-MS analysis yielded a compre-
hensive dataset of geochemical data for these samples (Table 3). The
ratios Na/Fe, Mg/Fe, K/Fe, Ti/Fe, Ca/Fe, and Al/Fe all exhibit a clear
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Table 3 (continued)

PC-2

PC-1

Cu Rb Sr Zr Ba Pb

Cr
ppm

Ti Mn Fe
%

Ca

Mg Al si

Na

Material

Sample Name

ppm ppm ppm ppm ppm ppm

ppm

ppm

%

%

%

%

2.49
2.70

—-1.52
-1.87

13.40
11.90

15.00
18.00

633.00  399.00

73.00
67.00

114.00
94.10

56.00
53.00

0.07 311 007 050 0.01 3.83 119.00
268 006 039 001 5091

0.07

35.67
36.04

6.44
5.00

0.00 0.47
0.38

0.00

Rock

Shale-2

361.00

617.00

164.00

Rock

Shale-3

0.13
0.12

1.11
0.20

11.51
11.84
10.69
11.29
7.61

202.07 213.54 683.39 68.50

111.32
84.31

158.76
62.83

95.95
27.84
16.50
22.47
30.44

76.86

211
2.16
1.25
1.73
1.78

0.39
0.30
0.17
0.24
0.20

1.11
0.98
0.33
0.67
0.05

2.46
1.63
0.97
1.31
1.30

0.86
0.17
0.09
0.13
0.05

7.13
5.00
2.48
3.81
3.01

1.08
0.63
0.31
0.47
0.25

0.97
0.55
0.34

0.45

Dust mean
A mean

14.57
12.69
13.68
9.84

310.57  492.15

173.75

108.78
99.33

0.07
0.03
0.05
0.01

42.57
42.12

—0.42
-0.14

0.02

—0.54
-0.17
-1.07

53.20 107.35  279.15  247.68

59.77
61.38

44.55

B mean

14230 295.69  376.35

54.02

69.57

104.30
76.41

42.36
41.04

Soil mean

203.91

268.12

49.99

0.05

Rock mean
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pattern of highest values in dust, lowest values in rock, and inter-
mediate values in the soil, consistent with a two-member mixing model
(Fig. 5). Mn was not measured in the dust, however the ratio Mn/Fe
also decreases from A horizon, to B horizon, to rock. The ratio P/Fe is
much higher in dust, and lower in soil and rock samples. The abun-
dance of Si was not quantified in dust, however the ratio Si/Fe is much
higher in rock than soil (Fig. 5). Trace elements exhibit a similar pat-
tern, with abundances of Cr, Cu, Rb, Sr, Ba, Pb, and Th attaining their
highest values in dust samples and lowest values in rock (Fig. 6,
Table 3). Patterns are less clear for V and Zr, both of which attain no-
tably high values in rock samples.

Principle component analysis reveals that 87% of the variance in
Na, Mg, Al, K, Ca, Ti, Fe, Rb, Sr, and Zr can be explained by just two
components. The first component (PC-1) is dominated by Na, Sr, Mg,
and Ca. PC-2 is controlled by Fe, Ti, K, Zr, Rb, and Al. Predictably,
values of PC-1 follow the same pattern seen in the major and trace
element data, with highest values in dust samples, lowest values in
rock, and intermediate values in the soils (Fig. 7, Table 3).

Similar to the major and trace elements, values of 878r/%5Sr and eng
exhibit a clear mixing trend with soil samples located midway between
end members defined by dust and rock samples (Fig. 8, Table 4). Dust-8
is the only site for which samples of all four materials (dust, A horizon,
B horizon, and rock) were analyzed. The five dust samples collected
between 2015 and 2019 cluster with 8Sr/%%Sr values ~ 0.715 and enqg
between —9 and —11.5. In contrast, the rock sample from this site has
a higher Sr/%6Sr of 0.73396, and a much lower eyq of —17.1. The soil
samples fall between these extremes, with the A horizon more similar to
dust, and the B horizon more similar to the rock sample. This same
pattern is seen in the overall dataset of 13 dust samples, a pair of A and
B horizon samples from Dust-5 the pair from Dust-8, and 8 different
rock samples (Fig. 8, Table 4). Although the rock results are more
scattered, reflecting variability in different strata of the Uinta Mountain
Group, all rock samples exhibit considerably more radiogenic 8”Sr/%6Sr
and much more negative eyq than their respective soil/dust match.
Significantly, soil samples are clearly displayed as a blend between the
dust and rock end members (Fig. 8).

The two end-member mixing model used to estimate the fraction of
dust (f4s) in soil samples is presented in Fig. 9. The end members are
concentration-weighted averages of 8”Sr/%6Sr and eyq in rock and dust
samples. Values of 8”Sr/%°Sr in the four analyzed soil samples (Table 4)
range from 0.71630 to 0.72539. These values intersect the 87Sr/%6Sr
mixing line at an fz,, between 0.48 and 0.88. Values of eyq in soil
samples range from —12.23 to —14.33 (Table 4). These intersect the
eng Mixing line between 0.43 and 0.80. The zone of mutual overlap for
both isotope systems spans from 0.48 to 0.80, corresponding to an es-
timated dust content in the soil of ~ 50 to 80%.

4. Discussion
4.1. Soil profiles

Previous work has classified soils at the eastern end of the Uinta
alpine zone as Inceptic Haplocryalfs, Typic Haplocryolls, and either
Typic or Humic Dystrochrepts in the US Soil Taxonomy (Soil Survey
Staff, 2014), depending on the thickness of their A horizons and the
presence or absence of an argillic horizon (Munroe, 2007). The three
deep profiles examined in this study (Dust-1, Dust-7, Dust-8) are con-
sistent with these and other previously published descriptions
(Bockheim et al., 2000; Bockheim and Koerner, 1997). Similarly, the
contrasting properties of soil A and B horizons noted in this study
corroborate previous work in the Uintas, all of which has reported a
consistent layer of silt-dominated material capping soil profiles through
the alpine zone. This body of previous work has established the ubi-
quity of this silt cap, classified this material as an alpine loess, noted
physical and chemical similarities between this material and modern
dust, and explored the possibility that dust deposition is the primary
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Fig. 5. Boxplots of major element abundances normalized to Fe in dust, A horizon, B horizon, and rock samples. Central lines represent median values, box represents
interquartile range, whiskers represent interquartile range x 1.5, and circles represent outliers. In all cases other than Si/Fe, values are greater in dust, lower in rock,

and intermediate in soil samples.

source of this fine material (Bockheim et al., 2000; Bockheim and
Koerner, 1997; Munroe, 2007; Munroe et al., 2015).

Collectively, soils of the Uinta alpine zone are distinguished by their
development from a pair of contrasting parent materials under the in-
fluence of pervasive cryoturbation. The autochthonous parent material
is congelifractate derived from the underlying bedrock by freeze—-thaw-
dominated physical weathering (Bryan, 1946). This material inherits its
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typical 5YR hues from the reddish-purple colors of the local Uinta
Mountain Group bedrock, and its sand-dominated texture reflects the in
situ disintegration of the sandstone and arkosic members of this bedrock
sequence. The presence of subangular to angular coarse fragments,
from fine gravel through stone-size, which generally become more
abundant with depth, also testifies to the formation of this material
through physical weathering of the local bedrock. In contrast, the
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allochthonous parent material for these soils is eolian dust. Deposition
of this dust forms the capping layer of alpine loess, a well-sorted silt
with a grain size distribution, and major and trace element abundances,
that strongly contrast with the congelifractate (Figs. 3-7). This loess is
added to the soil surface, whereas the congelifractate is introduced into
the soil profile from below. Thus, these pedons are located both

12

spatially and compositionally between two contrasting parent mate-
rials. In the formal nomenclature, the A horizons are forming primarily
in the alpine loess, whereas the B horizons, which are preceded by “2”,
are forming in the congelifractate (Table 2).

Cryoturbation is evidenced in these soils (Fig. 2) by wavy and ir-
regular horizon boundaries, isolated pockets of one horizon material
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Fig. 7. Boxplot of the first principle component (PC-1) in dust, A horizon, B
horizon, and rock samples. Central lines represent median values, box re-
presents interquartile range, whiskers represent interquartile range x 1.5, and
stars represent outliers. PC-1 was determined for the 10 elements measured in
all sample types (Na, Mg, Al, K, Ca, Ti, Fe, Rb, Sr, and Zr) using a varimax
rotation and an eigenvalue extraction threshold of 1. Values are clearly highest
in dust samples, lowest in rock, and intermediate in soil horizons.

within another, and by oriented clasts (Ahrens et al., 2004; Bockheim
et al., 1997). The presence of strongly developed platy structure in
some horizons is a further indication that the growth and decay of ice
lenses is a significant process in these soil profiles (Table 2). Notably,
despite the subzero mean annual temperature and presence of cryo-
turbated (“gelic”) material within 100 cm of the soil surface (Bockheim
et al., 1997), these profiles are not classified as Gelisols (Soil Survey
Staff, 2014) because it is unknown whether permafrost is present within
200 cm of the ground surface. When these pits were excavated in late
summer, soil temperatures at 50 cm were 3-5 °C. On the other hand,
data loggers buried for four years (2005-2009) at a depth of 50 cm in
similar soil profiles at a site 1.5 km west of, and 300 m lower than,
Dust-8 revealed mean soil temperatures ~ 0 °C. Likewise, average 50-
cm soil temperatures at a site 3 km west of Dust-1 (at the same eleva-
tion) were —1.5 to —2.5 °C during the same time period (Bockheim
and Munroe, 2014 and Munroe, unpublished). Thus, permafrost may be

Dust-8
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present within the upper 2-m of some Uinta alpine soil pedons, meaning
that these soils would be classified as Gelisols in the suborder Turbels
(Soil Survey Staff, 2014).

4.2. Pedogenesis

A model for the long-term formation of these soils was presented by
Munroe (2007). A key consideration in this model is the reality that,
given their location above the glacial limit, these soils have experienced
potentially numerous glacial-interglacial cycles. The well-developed
patterned ground (Fig. 1) that characterizes the alpine zone of the
Uintas indicates that large-scale cryoturbation occurs at times in this
environment. On the other hand, much of this patterned ground ap-
pears stabilized under modern climate conditions, on the basis of lichen
cover on rocks and continuous vegetation in polygon centers. Thus,
while cryoturbation is probably occurring to a modest degree under the
modern periglacial climate, more intense mixing likely occurs under the
colder climates characterizing glaciations, or during the transitions
between interglacial and glacial conditions (Munroe, 2007).

A second consideration in this pedogenic model is the observation
that the thickness of the loess layer is essentially consistent over a
variety of landscape positions, including the periglacial upland and
forested glacial moraines at lower elevations (Bockheim et al., 2000;
Munroe, 2007). This consistency suggests that the modern layer of loess
accumulated across the entire landscape after the last glaciation. This
interpretation is not meant to imply that dust deposition only occurs
under interglacial conditions; abundant evidence indicates that global
dust transport was greater during the Last Glacial Maximum (e.g.
Harrison et al., 2001; Maher et al., 2010), and this situation likely af-
fected the Uintas as well. Rather, it appears that dust deposited in the
Uinta alpine zone during glacial times was directly mixed into the
solum by cryoturbation. Alternatively, the likely absence of widespread
plant cover on the landscape during glaciations may have greatly re-
duced loess trapping rates (Yang et al., 2020, Yang et al., 2016). Only
during interglacial conditions, when cryoturbation is reduced and the
landscape is extensively vegetated, can a discrete layer of dust accu-
mulate as a cap of alpine loess at the top of the soil profile.

Looking forward, with this model as a starting point, the currently
ubiquitous layer of loess capping these soil profiles is destined to be
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Fig. 8. Scatterplots of ”Sr/%°Sr and eyq in samples of dust, soil, and rock. Left figure presents values for Dust-8, the only site for which all four types of material were
analyzed. The figure on the right presents the entire set of results from all sites. In both figures it is clear that soil samples exist along a mixing line between a dust and

rock end members. A horizons also more closely resemble dust than B horizons do.
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Fig. 9. Calculation of the dust fraction (fg,s) in soil
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incorporated into the deeper solum when cryoturbation again increases
in response to colder conditions at the transition to the next orbitally-
driven glaciation. Over the time-scale of glacial-interglacial cycles,
therefore, loess that is archived at the soil surface during interglacia-
tions is mixed downward into the congelifractate during glaciations (or
climatic transitions), resulting in a general trend of increasing coarse-
ness with depth, and strongly contrasting ratios of Clay/Sand and
(Clay + Silt)/Sand in A and B horizons. Similarly, frost heave lifts
gravel, cobbles, and stones upward through the solum so that some
coarse material is present in the A horizon formed within the loess cap.

4.3. Dust content of alpine soils and implications

A key objective of this study was quantifying the degree to which
long-term dust deposition impacts soil development in the Uinta alpine
zone. From the horizonation exhibited in these soils, and the con-
trasting physical and chemical properties of surface and subsurface
horizons, it is clear that dust deposition is a key component of pedo-
genesis in this study area. The mixing model approach applied to dust
and congelifractate end members, defined in terms of 878r/%0Sr and eng,
reveals that at least half of the material in a soil profile is exogenous
dust. Thus, dust deposition, coupled with intense cryoturbation, has
greatly affected the physical and chemical properties of these soils.

Previous work has employed a similar approach to estimate the
portion of soil profiles resulting from accretion of eolian dust in the San
Juan Mountains (Fig. 1) of southwestern Colorado (Lawrence et al.,
2011). In that work, which used both 87Sr/%°Sr and eyq, it was esti-
mated that 10-40% of the mass of soil profiles was delivered through
dust deposition. This estimate is lower than for the Uintas, however the
Colorado study area was glaciated during the Last Glacial Maximum
(Lawrence et al., 2011). Thus, the soils studied there, and the dust
contained within them, are likely post-glacial features. The greater dust
content of Uinta alpine soil profiles is consistent with the fact that
significant parts of the Uinta landscape are considerably older. Along
those lines, it is also notable that the soil profiles in the Colorado study
were shallower (40-60 cm) and did not contain B horizons (Lawrence
et al.,, 2011). The greater depth and horizonation of the Uinta alpine

1.00
Dust

soils, therefore, is also consistent with their greater age. Overall, the
results reported from the Uintas demonstrate that older soils above the
glacial limit are both better developed and contain more dust than
glaciated soils in a mountain setting. This interpretation matches pre-
vious studies concluding that eolian sediments can be a primary parent
material for alpine soils (e.g. Gild et al., 2018; Kiifmann, 2008, 2003;
Lin and Feng, 2015; Yang et al., 2016).

Long-term dust deposition, combined with cryoturbation to in-
corporate this dust into soil profiles, has also affected the chemical
properties of Uinta alpine soils. Figs. 5-7, and Table 3, make it clear
that dust is geochemically distinct from the Uinta bedrock. One major
difference is the greater abundance of P in dust, which previous work
has established is generally 30-40 x more abundant in Uinta dust than
in local bedrock (Munroe, 2014; Munroe et al., 2015). Given an average
P content of 4000 ppm (4 mg/g) in Uinta dust (Munroe et al., 2015),
and an average rate of dust deposition of 3.5 g/m?/yr (Munroe, 2014),
14 mg of P accumulates over each square meter of the alpine zone each
year (equivalent to 320 g P,Os per hectare/yr). Given the low P values
in Uinta bedrock (average of 112 ppm, 0.112 mg/g), the long-term
impact of this eolian P, coming from a combination of natural and
anthropogenic sources (Brahney et al., 2014; Okin et al., 2004; Zhang
et al., 2018), is likely significant for primary productivity in this alpine
ecosystem.

Previous work has noted the high fertility of Uinta alpine soils,
which commonly have base saturation > 50%, and exchangeable
bases (Ca + Mg + K + Na) in excess of 400 kmol/ha (Munroe et al.,
2015). Furthermore, plant species common in the Uinta alpine zone,
such as Acomastylis rossii, have been shown to contain high contents of
Ca (Bockheim et al., 2000). Similar to P, the abundance of Ca is con-
siderably higher (~20 x ) in dust arriving in the Uintas relative to local
bedrock (Munroe, 2014). Thus it seems likely that dust is a source for
much of the Ca and other base cations in Uinta alpine soils.

Together these observations regarding P and Ca support the con-
clusion that the fertility of Uinta alpine soils is primarily a function of
long-term dust deposition. A similar finding was reached by work in the
Sierra Nevada of California (Fig. 1), which demonstrated that the flux of
P delivered through dust deposition was greater than the flux of P
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derived from weathering of local bedrock (Aciego et al., 2017). In light
of this result, it is notable that the average concentration of P in Uinta
dust (4 mg/g) is greater than in the Sierra Nevada (~1.5 mg/g), and
that the average abundance of P in Uinta bedrock is at the low end of
the range of averages values reported for rocks in the Sierra Nevada
(0.12 = 0.01 to 0.61 = 0.02 mg/g). The relative importance of P
delivered to the Uintas by dust is, therefore, likely even greater than
that quantified for the Sierra Nevada.

4.4. Direction for future work

The results of this study support the first estimates for the dust
content in alpine soils of the Uinta Mountains, and indicate that high-
elevations soils in unglaciated environments can be strongly influenced
by long-term dust deposition. Nonetheless, there are several directions
for future work that would strengthen the interpretations presented
here. One goal would be the collection and analysis of additional rock
samples to better constrain the geochemical properties of sections of the
Uinta Mountain Group that are weathering beneath the alpine soils.
This is difficult because bedrock exposures are rare on the soil-mantled
crest of the Uintas, however additional field reconnaissance might
identify areas where bedrock can be accessed. A related challenge is
that collection of additional rock samples should be aimed at the full
suite of rock types represented by the Uinta Mountain Group, yet it is
the more resistant quartz-dominated units that are likely to be exposed
and available for sampling. The less resistant shale layers are unlikely to
form outcrops, however their potentially more variable geochemistry
may make them an important, and currently poorly constrained, com-
ponent of the congelifractate.

The existing network of passive dust collectors has provided useful
information about modern dust in the alpine zone of the Uintas.
However, these collectors are from individual locations that are con-
sidered broadly representative of the surrounding landscape. Focused
deployment of multiple collectors in close proximity to one another
could reveal differences in dust flux at finer scales related to micro-
topographic, snowcover, or aspect controls that play a role in soil for-
mation (e.g. Hiller et al., 2005; Holtmeier and Broll, 1992).

Excavation of deeper soil profiles, ideally extending through the
solum down to saprolite or relatively unweathered bedrock, would be
useful for better quantifying the total amount of exogenous material
that has been added to the Uinta alpine zone over time. Unfortunately,
given site restrictions that mandate reliance on hand-excavation, it is
unclear if it would be physically possible to access material deeper than
the ~ 100 cm achieved in previous soil pits.

Finally, additional geochemical approaches might improve esti-
mates of fg, in these soils. For instance, in addition to 87Sr/®®Sr and
eng, analysis of Hf or Pb isotopes might allow further distinctions to be
drawn between dust and local rock (e.g. Moreno et al., 2006; Zhao
et al., 2014). Similarly, full trace-element characterization of soil and
rock samples, matching that previously conducted for dust samples,
could refine the principle component analysis presented here. On the
other hand, although these approaches might support refinement of the
fause €stimates, it is unlikely they would change the overall conclusion
that alpine soils in the Uinta Mountains contain an appreciable amount
of eolian dust.

5. Conclusion

Field and laboratory study of alpine soils at four locations in the
Uinta Mountains of northeastern Utah emphasize the degree to which
pedogenesis in this environment has been influenced by long-term ad-
ditions of eolian sediment. Soil profiles exhibit considerable evidence
for cryoturbation, consistent with the periglacial environment (mean
annual temperature of —2°C) on this high-elevation (> 3500 m), un-
glaciated upland. Paired samples demonstrate that soil A horizons are
consistently finer-grained than B horizons. All soil samples contain a
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prominent mode of 10-15-um silt, identical to that observed in modern
dust samples. Together these observations support previous reports of a
ubiquitous layer of alpine loess capping soil profiles in this environ-
ment. Abundances of major and trace elements, along with measure-
ments of %7Sr/%6Sr and engq, clearly indicate that soil samples are a
mixture between allochthonous dust and an autochthonous con-
gelifractate derived from the local bedrock. End-member mixing models
based on 87Sr/%°Sr and eyq reveal that soil samples contain ~ 50 to 80%
dust. Because this periglacial upland was not glaciated during the
Pleistocene, these soils have been forming for much longer than the
post-glacial soils at lower elevations within glacial valleys. Eolian ad-
ditions over time, therefore, have collectively enriched these soils in
fine-grained, nutrient-rich material with significant concomitant effects
on pedogenesis and soil fertility.
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