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ABSTRACT: Radiocarbon‐dated sediment cores from subalpine lakes were used to investigate post‐glacial dust
deposition in the Uinta Mountains (Utah, USA). Lake sediments were geochemically characterized with ICP‐OES,
ICP‐MS and XRF core scanning. Collections from passive samplers constrain the properties of modern dust, and
samples of regolith constrain properties of the local material within the watershed. Ca and Eu are more abundant in
dust, whereas Ti and Zr are more abundant in local regolith. As a result, the Ca/Ti and Eu/Zr ratios are indices for
the dust content of lake sediment. In all records, the dust index rises in the early Holocene as watersheds became
stabilized with vegetation, reducing the influx of local material. After this point, values remained above average
through the middle Holocene, consistent with an increased dust content in the sediment. Dust index values drop in
the late Holocene in most lakes, suggesting a decrease in dust abundance. Generally synchronous shifts in dust index
values in cores from lakes in different parts of this mountain range are evidence of enhanced dust deposition in
this region during the middle Holocene, and are consistent with a variety of records for increased aridity in the south‐
western USA at this time. Copyright © 2020 John Wiley & Sons, Ltd.
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Introduction
The deposition of eolian dust is increasingly recognized as a
significant factor in the functioning of mountain ecosystems.
Fine‐grained sediment eroded by wind, transported through
the atmosphere, and deposited through both wet and dry
mechanisms represents an important delivery of exotic
material to the mountain critical zone (Lawrence et al., 2013;
Aciego et al., 2017; Arvin et al., 2017). Accumulation of dust
over geologic time exerts a strong control on pedogenic
pathways of mountain soils (Litaor, 1987; Dahms, 1993; Muhs
and Benedict, 2006; Lawrence et al., 2011; Munroe
et al., 2015). In the shorter term, nutrients provided by dust
influence the productivity of mountain lakes and streams
(Ballantyne et al., 2011; Brahney et al., 2014, 2013). Most
immediately, the deposition of dust lowers the albedo of
mountain snowpack (Skiles et al., 2015; Skiles and Painter,
2017). This darkened snow melts more rapidly, with impact on
both the timing and the magnitude of the nival flood
downstream (Painter et al., 2007, 2010; Skiles et al., 2012).

At the same time, dust deposition is the downwind
expression of processes operating in dust source areas. These
processes include climatic change, development of mineral
crusts on playas and other sparsely vegetated landscapes, and
both natural and anthropogenic surface disturbances, all of
which can alter the amount of fine‐grained material available
for wind entrainment (Urban et al., 2009; Flagg et al., 2014;
Duniway et al., 2019). Therefore, dust deposition is both an
important component of mountain geoecology, as well as a
long‐distance signal of conditions in dust source regions.

Considerable research has focused on characterizing the
properties of modern dust in mountain environments
(Goodman et al., 2019; Heindel et al., 2020), measuring dust
fluxes (Lawrence and Neff, 2009; Munroe, 2014), evaluating

the effects of dust deposition (Aciego et al., 2017; Skiles
et al., 2018; Rea et al., 2020) and ascertaining the sources of
this dust (Munroe et al., 2019; Kandakji et al., 2020; Nicoll
et al., 2020). A smaller number of studies have considered
changes in dust deposition over time, in part because
continuous archives of dust deposition in mountain environ-
ments are rare. Although many alpine soils are capped by
layers of loess (Litaor, 1987), bio‐ and cryoturbation effectively
incorporate this material into the solum (Muhs and Bene-
dict, 2006; Munroe, 2007). As a result, thick deposits of loess,
which are significant archives of Quaternary climate change
elsewhere in the world (Roe, 2009), are unusual in high‐
elevation settings. The few studies that have attempted to
reconstruct dust fluxes over time have generally relied on lake
sediments. A seminal paper utilizing this approach identified a
major anthropogenic component to latest Holocene dust
deposition in Colorado (Neff et al., 2008). More recently,
studies have presented dust flux reconstructions farther back
into the Holocene (Routson et al., 2016, 2019; Arcusa
et al., 2020). All of these efforts are significant for the way in
which they synthesize observations of modern dust with
paleorecords. However, given the scarcity of Holocene‐length
records, the importance of dust deposition in mountain
environments, and how dust deposition connects the moun-
tains to upwind source areas in which effective moisture has
varied during the postglacial period, more records are needed
to understand how dust deposition has changed over longer
stretches of time.
The present study generated Holocene‐length records of

dust deposition from lake sediment cores collected in the
Uinta Mountains of Utah, USA. These mountains are located
downwind of extensive arid landscapes in south‐western
North America that serve as regional dust sources (Reynolds
et al., 2016; Nicoll et al., 2020), and specific areas in Utah,
Nevada and Arizona have been identified as likely sources for
much of the modern dust arriving in the Uintas (Munroe
et al., 2019). Previous work has also demonstrated the
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significant geoecological role played by long‐term dust
deposition in these mountains (Bockheim et al., 2000; Munroe,
2007). Here, cores collected as part of a larger study (Munroe
and Laabs, 2020) were analyzed geochemically with a variety
of methods. Collections were also made of modern dust and
regolith, and a geochemical fingerprint was identified to
distinguish between dust and local material. This fingerprint
was then applied to the lake sediment cores to determine how
the abundance of dust in lake sediment changed over time.

Methods
Setting

This research was conducted in the Uinta Mountains, part of
the Rocky Mountain system in north‐eastern Utah, USA
(Fig. 1). Bedrock of the Uinta Mountains (hereafter, the
‘Uintas’) is a sequence of Precambrian quartzite, sandstone
and argillite that was uplifted during the Laramide Orogeny
(Bradley, 1936; Sears et al., 1982; Dehler et al., 2007). Summit
elevations reach >4 km above sea level, and the range exhibits
classic alpine glacial geomorphology indicating the presence
of more than 2000 km2 of glacial ice during the Last Glacial
Maximum (Munroe and Laabs, 2009). Cosmogenic 10Be
surface‐exposure dating indicates that glaciers began to retreat

around 18 000 years ago (Munroe et al., 2006; Laabs
et al., 2009), and although small glaciers may have occupied
sheltered cirques during the Younger Dryas stade in the latest
Pleistocene (Munroe and Laabs, 2017), no glaciers are present
in these mountains today. Lakes, ranging in area from <1 to
>70 ha, are abundant within the area covered by active ice
during the last glaciation (Atwood, 1908, 1909). These lakes
are surrounded by a variety of vegetation communities
including Pinus contorta (lodgepole pine) forest at intermedi-
ate elevations, Picea engelmannii (Engelmann spruce) and
Abies lasiocarpa (subalpine fir) in the upper‐subalpine forest,
and alpine tundra featuring Acomastylis rossii (alpine avens)
and Polygonum bistortoides (alpine bistort) above ~3300m
(Shaw and Long, 2007; Munroe, 2012). The Uinta climate is
characterized by long, snowy winters and cool summers.
Mean annual precipitation ranges from 500 to 925mm, with
more than 60% falling as snow at elevations >3300m
asl (Munroe and Mickelson, 2002; Munroe, 2003).
Mean annual air temperature above ~3100m asl is <0 °C
(Munroe, 2006, 2007; Bockheim and Munroe, 2014).

Fieldwork

The sediment cores in this study were collected in 2004 and
2005 as detailed by Munroe and Laabs (2020). Briefly, coring
sites were selected with a bathymetric survey to identify a
location in deep water, away from inlets or steep slopes
(terrestrial and subaqueous) that could deliver sediment
through mass wasting. A percussion corer (Reasoner, 1993)
was used with a 6‐m‐long barrel of 7.5‐cm‐diameter PVC pipe.
It is not possible to collect unconsolidated near‐surface
sediment with this technique, and therefore all records are
artificially truncated at a depth of ~50 cm.
Cores from four lakes were studied: Bald, Marshall, Swasey

and Taylor (Figs 1 and 2). These lakes are located from 3043 to
3421m asl, have an average depth of ~10m, and range from
2.2 ha (Bald) to 21.7 ha (Swasey) in area (Table 1). These
particular lakes were selected because they represent different
sectors of the Uinta Mountains, and because each is located
near a passive sampler constraining properties of modern dust
(Fig. 1). Details of these samplers have been presented
(Munroe, 2014; Munroe et al., 2015), but each is a ~50 ×
50‐cm tray of glass beads that collects dust through wet and
dry deposition. The samplers, which have been in continuous
operation since 2011, are emptied by washing the dust from
the beads with distilled water.
Finally, to characterize the regolith in the watersheds

surrounding the cored lakes, samples of relatively unweath-
ered deep (BC or C horizon) material were collected from hand
excavations and tree‐tip mounds in 2015 and 2016 (Fig. 1).
Deep material was prioritized to avoid the dust‐derived silt cap
present at the top of most Uinta soil profiles (Bockheim and
Koerner, 1997; Bockheim et al., 2000; Munroe, 2007).

Laboratory analyses

All sediment cores were analyzed for standard physical and
chemical properties at 1‐cm resolution, including grain size
distribution, water content, loss on ignition (LOI) and C:N
ratio, as detailed in Munroe and Laabs (2020). Age control was
provided by radiocarbon dating of terrestrial macrofossils
(Munroe and Laabs, 2020), and depth–age models were
developed using CLAM (Blaauw, 2010). For Swasey and
Taylor lakes, initial analyses, including radiocarbon dating,
were conducted on one core, and geochemical analyses were
conducted on a parallel core collected at the same time from
the same point in the lake. LOI analysis was conducted on
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Figure 1. Location map of the study area in the Uinta Mountains. Inset
shows the location of the Uinta Mountains (black box) in north‐eastern
Utah (UT). The gray polygon delineates the Rocky Mountain province in
the western USA. Larger figure shows a true color image of the Uinta
Mountains with the four study areas identified. Yellow boxes identify the
dust collectors, and blue circles represent the lakes. Lower figures present
enlargements of the area around each lake. The pink circles mark local
regolith samples, and the blue diamond represents the coring location.
[Color figure can be viewed at wileyonlinelibrary.com]
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both cores, and the resulting LOI time series were matched to
transpose the depth–age model from the first core to the
second.
Geochemical analysis of the cores was conducted using

several methods. Discrete subsamples of the core from
Marshall Lake (2‐cm spacing) were analyzed for major and
some trace elements using inductively coupled plasma optical
emission spectrometry (ICP–OES). The core from Bald Lake
was analyzed for trace elements using a Thermo iCAP Q
inductively coupled mass emission spectrometry (ICP‐MS)
device on 3‐cm‐thick contiguous samples. In both cases,
samples were ignited and fluxed with lithium metaborate
before dissolution in HNO3. Calibration curves were gener-
ated with in‐house standard solutions, and internal standards
were analyzed after every five samples for drift correction.
USGS rock standard RGM‐1 was measured at the beginning
and end of every set of samples as an overall check on results.
The cores from Swasey and Taylor Lakes were analyzed for
major and trace elements using an ITRAX X‐ray fluorescence

(XRF) core scanner at the University of Massachusetts –
Amherst. Scans were made using an Mo tube at a resolution
of 2mm and a count time of 10 s. System voltage was set to
60 kV, and current was set to 50mA during the analyses. As a
check for consistency, the core from Swasey Lake was
reanalyzed on the same instrument 2 years later, using a
voltage of 40 kV and a current of 10 mA, again with 2‐mm
spacing.
Dust samples were processed following established procedures

including centrifuging, and treatment with H2O2 to remove
organic matter (Munroe, 2014; Munroe et al., 2015, 2019).
Samples of local regolith were prepared by slaking ~100 cm3 of
the <2‐mm fraction in Nanopure water. Following disaggregation
(3–7 days), samples were dispersed and settled in accordance
with Stoke's law to yield a grain size distribution matching the
sediments in the corresponding lake core. Samples of dust and
the settled fraction of the local regolith were ignited and ground
to a powder before submission for ICP‐MS analysis at SGS
Minerals following according to protocol GE‐ICM‐90A.
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Figure 2. Pictures of the lakes cored in this study. (a) Bald Lake; (b) Marshall Lake, showing the coring platform; (c) Swasey Lake; (d) Taylor Lake,
showing the debris fan mentioned in the text (right). [Color figure can be viewed at wileyonlinelibrary.com]

Table 1. Locations and dimensions of the cored lakes.

Lake ID* Lake name Latitude N Longitude W Elevation (m) Water depth (m) Lake area (ha) AW/AL
† Core length (cm)

04‐01 Marshall 40°40.538 110°52.452 3043 10.7 8.0 7.5 190
04‐06 Swasey 40°40.048 110°28.000 3267 9.5 14.6 21.7 198
05‐06 Bald 40°52.030 110°29.540 3367 7.0 2.2 14.5 355
05‐10 Taylor 40°47.193 110°05.478 3421 11.0 9.0 35.4 270

*Lake ID given by Munroe and Laabs (2020).
†Ratio of watershed area to lake area.
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Nature of the sedimentary records
The cores analyzed in this study consist of two broadly
contrasting types of sediment. Upper sections are massive
gyttja ranging from black where organic content is high, to
pinkish or gray in low‐organic sections depending on the color
of the surrounding bedrock. In contrast, basal sediments

f-

eature alternating millimetre‐ to centimetre‐scale layers of
relatively coarse sand and dense clay that are devoid of visible
organic material. Details of the sedimentology of these cores
are presented in Munroe and Laabs (2020).
On the basis of the radiocarbon‐based age models (Munroe

and Laabs, 2020), the sediment cores extend back to ~12.8k
cal a BP (Fig. 3). Because unconsolidated sediment was lost

Copyright © 2020 John Wiley & Sons, Ltd. J. Quaternary Sci., 1–10 (2020)

Figure 3. Composite plot of properties measured in the sediment cores from Bald, Marshall, Swasey and Taylor Lakes. Depth–age models (with narrow
uncertainty envelopes in gray) were developed in CLAM (Blaauw, 2010). Solid black lines denote the calibration ranges for the 14C ages supporting the
age models. Moisture content and loss‐on‐ignition (LOI) were determined with a thermogravimetric analyzer (Dean, 1974). C:N was measured with an
elemental analyzer. Grain size distribution with silt fractions was determined with laser scattering. Details of these methods are presented in Munroe and
Laabs (2020). The dust index values are normalized elemental ratios sensitive to the dust content of the lake sediment, as discussed in the text. The
dashed vertical line denotes 0 on the normalized scale. [Color figure can be viewed at wileyonlinelibrary.com]
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from the top of the cores during retrieval, none of the records
reach the present, even though sedimentation is clearly an
ongoing process in each lake. Collectively, the four records
overlap across most of the Holocene (Fig. 3).
Measurements of water content, LOI, C:N and grain size

distribution exhibit similarities and differences between the
records (Fig. 3). Water content is greatest in the cores from
Swasey and Marshall Lakes, corresponding to higher LOI.
Time series of LOI feature a long‐duration rising and falling
pattern in the cores from Bald, Marshall and Swasey Lakes,
whereas values of LOI generally fluctuate around a constant
mean in the core from Taylor Lake. The cores from Bald and
Taylor Lakes feature numerous thin (1–5 cm) layers of mineral‐
rich sediment, which are characterized by low water content
and LOI. Values of C:N reach an early high (ca. 10k cal a BP) in
Taylor Lake before steadily falling. C:N in Swasey Lake also
reaches a high ca. 10k cal a BP, but after falling slightly remains
stable from 8 to 2k cal a BP. C:N is stable throughout the record
from Marshall Lake, whereas values of C:N are more variable
in the core from Bald Lake. Grain size distributions in all four
cores are dominated by silt and clay, with only minor amounts
of sand except in the basal section from Bald Lake. Clay is
significant in the early part of the records from Marshall and
Swasey Lakes, but decreases in abundance over time.

Development of a dust index
Given their small size, simple geometries and undeveloped
watersheds, the fine fraction of the clastic sediment accumu-
lating in the studied lakes is a mixture of exotic dust and local
regolith. Accordingly, a dimensionless geochemical dust index
was developed to characterize the abundance of dust in the
lake sediments. Although a large number of elements were
detected in the cores, the dust and local regolith, because
different methodologies were used in analyzing these samples,
the suite of elements assayed was not consistent. Therefore, in
developing a dust index, emphasis was placed upon elements
which were analyzed in as many types of samples as possible.
The abundances of these elements were investigated to
identify those that are significantly more abundant in dust

relative to local regolith, or more abundant in regolith relative
to dust. The significance of differences was evaluated using a
Mann–Whitney test. A ratio between such elements would be
proportional to the abundance of dust in the lake sediment.
Working with ratios also avoided closed‐sum effects, and
permitted consideration of the results from the XRF core
scanner, which are reported in X‐ray intensity, rather than
direct elemental concentration. Additionally, previous work
has revealed that some elements are unusually abundant in
modern lake sediments and dust because of anthropogenic
activity (Reynolds et al., 2010; Munroe, 2014). These elements
were excluded in developing the dust index.
After applying these criteria, the most widely applicable

formulation of a dust index is the ratio between Ca and Ti. Ca
is significantly more abundant in modern dust samples (Figs 4
and 5; Table 2), yet the abundance of Ca did not increase as a
result of anthropogenic activity over the past two centuries
(Reynolds et al., 2010). Although the common Ca‐bearing
mineral calcite has not been detected in Uinta dust, the dust
does contain substantial plagioclase (Munroe, 2014; Munroe
et al., 2015), a mineral which is not present at detectable levels
in Uinta bedrock and regolith. Conversely, Ti is significantly
more abundant in samples of regolith (Figs 4 and 5; Table 2).
Ti occurs in rutile, sphene and other oxides with high specific
gravity, and is chemically immobile in surface environments.
As a result, Ti tends to accumulate in weathering sediments
over time (Nesbitt and Markovics, 1997), and is not typically
transported long distances by eolian processes. The Ca/Ti ratio
in Uinta lake sediment should therefore be proportional to the
amount of dust in the lake sediment relative to material derived
from local regolith.
A different approach was required for Bald Lake because

although trace elements were measured throughout this core,
major elements were only quantified for a subset (~20%) of
samples with ICP‐MS. Instead, the Eu/Zr ratio is used as a dust
index. Similar to Ca, the trace element Eu is significantly more
abundant in dust relative to local regolith (Fig. 5; Table 2), and
Eu often substitutes for Ca in plagioclase (McLennan, 1989). At
the same time, Zr is significantly more abundant in regolith
(Fig. 5; Table 2), and is also immobile under surface weath-
ering conditions. In the subset of samples for which both major
and trace elements were analyzed, Ca and Eu are strongly
correlated, as are Ti and Zr (p= 0.000). As a result, the Eu/Zr
ratio can be interpreted in the same way as Ca/Ti (Fig. 5).

Copyright © 2020 John Wiley & Sons, Ltd. J. Quaternary Sci., 1–10 (2020)

Figure 5. Boxplots of Ca, Ti, Eu and Zr abundances in modern dust
and regolith used in calculating the dust indices Ca/Ti and Eu/Zr.
The p‐values for the difference between dust and regolith were
determined with a Mann–Whitney test. [Color figure can be viewed
at wileyonlinelibrary.com]Figure 4. Scatterplot of Ca and Ti abundance in samples of dust and

regolith grouped by watershed. The black arrow delineates a linear
regression through the origin and the regolith samples. The two samples
circled at the bottom were quartz arenites collected from talus near
Marshall Lake. [Color figure can be viewed at wileyonlinelibrary.com]

5

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


However, because Eu was not measured with the XRF scanner
for the cores from Swasey and Taylor Lakes, or for Marshall
Lake with ICP‐OES, the Eu/Zr ratio cannot be applied to all
four lacustrine records.
As a final step, to standardize the dust indices for the

separate lake sediment records, values of Ca/Ti (Marshall,
Swasey and Taylor Lakes) and Eu/Zr (Bald Lake) were
converted to a z‐score based on the mean and standard
deviation for the individual cores.

Dust index variations over time
As displayed in Fig. 3, the dust index in each core varies over
time. In general, values are below average in the early part of
each record, are higher in the middle Holocene and decrease
again towards the top. Often, increases in dust index are not
synchronous with other major changes in measured sedimen-
tary properties. For instance, in the cores from Swasey and
Taylor Lakes the prominent rise in dust index in the early
Holocene occurs ~1000 years after the onset of increasing LOI
and C:N values. By contrast, the increase in dust index occurs
at essentially the same time as the rise in LOI in the core from
Bald Lake. Overall, there is no consistent relationship between
dust index values and sediment grain size distribution, and
there is no correspondence between changes in dust index and
sedimentation rates, revealed as the slope of the depth–age
model (Fig. 3).
Closer comparison of the dust index time series is possible

in Fig. 6, where the records are presented on the same
timescale. In all cores the dust index rises above average
between 10 and 9k cal a BP. The onset of this increase occurs
ca. 11k cal a BP in Bald, Marshall and Taylor Lakes, and later
in Swasey Lake (ca. 9k cal a BP). This offset is puzzling,
because if the dust index is tracking dust deposition, then
shifts in dust index should be synchronous in all the lakes.
By contrast, regolith in watersheds that became vegetated
earlier would have stabilized earlier, reducing the amount of
local material available for transport to the lake. In Fig. 3,
rising LOI and C:N preceding increases in dust index in the
records from Bald, Marshall and Taylor Lakes are an
indication of forest establishment that stabilized the land-
scape. Although there is nothing unusual about the config-
uration of Swasey Lake or its watershed, the later rise of C:N
there, which nonetheless pre‐dated the increase in dust
index, suggests that this basin was colonized by vegetation
later than the other three watersheds. In this interpretation,
the early part of each lacustrine record, in which dust index
values are low, is not necessarily a sign of reduced dust
input. Rather, dust deposition at this time was overwhelmed
by local material delivered from the unstable, recently
deglaciated landscape.

Copyright © 2020 John Wiley & Sons, Ltd. J. Quaternary Sci., 1–10 (2020)

Figure 6. Time series of normalized (z‐score) dust index in the four
sediment cores compared with regional records of decreased effective
moisture in the middle Holocene. Dust indices are overlain with a
running mean, filled relative to 0 to emphasize long‐term patterns.
Orange lines represent intervals of aridity, and arrows represent
increasing aridity. (a) Final desiccation of Lake Clover, Nevada
(Munroe et al., 2020). (b) Decreasing water level in Stoneman Lake,
Arizona (Hasbargen, 1994). (c) Paleontological evidence for increasing
aridity in the Bonneville Basin from Homestead Cave, Utah (Madsen
et al., 2001). (d) Final desiccation of Great Basin pluvial lakes (Steponaitis
et al., 2015). (e) Water level fall in Lake Estancia, New Mexico (Polyak
and Asmerom, 2005). (f) Desiccation of Jemez Bog, New Mexico
(Anderson et al., 2008). (g) Pollen evidence for a transition to lodgepole
pine forest in the northern Uinta Mountains (Louderback et al., 2015). (h)
Speleothem evidence for aridity at Lehman Cave, Nevada (Steponaitis
et al., 2015). (i) Aridity‐related disappearance of spring‐fed black mats in
Arizona (Quade et al., 1998). (j) Falling water in Owens Lake, California
(Bacon et al., 2006). (k) Peak warmth near the treeline in the northern
Uinta Mountains inferred from pollen data (Munroe, 2003). (l) Sustained
low water in Lake Tahoe, California and Nevada, represented by
submerged tree stumps (Lindstrom, 1990). (m) Paleontological evidence
from Blue Lake, Utah, for warmer conditions in the Bonneville Basin
(Louderback and Rhode, 2009). [Color figure can be viewed at
wileyonlinelibrary.com]

Table 2. Geochemical measurements for dust and regolith samples used in the development of a dust index.

Ca (%) Ti (%) Ca/Ti Eu (p.p.m.) Zr (p.p.m.) Eu/Zr

Dust Regolith Dust Regolith Dust Regolith Dust Regolith Dust Regolith Dust Regolith

Mean 1.05 0.39 0.41 0.50 2.72 1.28 1.28 0.98 208.57 359.31 0.0084 0.0029
Median 0.99 0.40 0.41 0.50 2.32 0.79 1.28 0.95 233.51 346.00 0.0057 0.0031
SD 0.45 0.18 0.10 0.16 1.16 2.60 0.19 0.33 117.28 125.63 0.0068 0.0009
Variance 0.20 0.03 0.01 0.03 1.34 6.74 0.04 0.11 13 753.62 15 781.68 0.0000 0.0000
Range 2.83 0.90 0.47 0.80 6.55 16.44 0.85 1.55 644.88 670.40 0.0293 0.0035
Minimum 0.57 0.10 0.23 0.03 0.95 0.23 0.99 0.20 37.00 92.60 0.0026 0.0013
Maximum 3.40 1.00 0.70 0.83 7.50 16.67 1.84 1.75 681.88 763.00 0.0319 0.0048
Count 40 50 42 50 40 50 39 50 42 50 39 50
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After the earliest Holocene, all four lakes were surrounded
extensively by vegetation, on the basis of consistently elevated
LOI and C:N signaling large inputs of terrestrial organic matter
(Fig. 3). Correspondingly, values of dust index after the
establishment of vegetation are more likely to faithfully record
changes in dust deposition. With this in mind it is notable that
after 9k cal a BP, dust index values in these records remained
above average through the middle Holocene before dropping
below average again ca. 5k cal a BP in Swasey and ca. 4k cal a
BP in Bald Lake. In Marshall and Taylor Lakes, values oscillate
near average for the remainder of the records.
An inconsistency is the low dust index values in the Taylor

Lake record between 7 and 8k cal a BP (Fig. 6). However,
Taylor Lake is uniquely vulnerable to the influx of local
sediment because it has the largest watershed/lake area ratio
(Table 1), and because a prominent fan fed by a steep drainage
enters the lake along its western shore (Fig. 1). Field
observations indicate that this fan is occasionally activated
by major snowmelt events and summer thunderstorms, and the
Taylor Lake core is punctuated by graded beds that reflect
delivery of sediment by flooding events. The core was
retrieved to the south of this fan (Fig. 1), meaning that when
the drainage across the fan is directed towards this sector of the
lake, this location is susceptible to receiving heightened
influxes of local sediment. Conversely, when the drainage
across the fan avulses to the north, then the southern basin of
the lake is relatively protected from flooding events. As a
result, to a greater extent than the other lakes, the core from
Taylor Lake is more sensitive to changes in influx rather than to
changes in dust delivery. In each of the coarser, clastic‐rich
flood layers in this core, the Ca/Ti ratio drops precipitously;
several of these flood layers are clustered between 7 and 8k cal
a BP when dust index values in the other lakes were higher.
Furthermore, a 12‐cm‐thick graded bed deposited ca. 4.5k cal
a BP (which was removed from the record because it was thick
enough to influence the depth–age model) has notably low
Ca/Ti values, providing additional support for the interpreta-
tion that the geochemistry of this core is influenced by flooding
events on the fan and the location where the stream crossing
the fan enters the lake. Although much smaller, a debris fan is
also present on the west side of Bald Lake (Fig. 1). Transient
drops to below average values of the dust index in this record
ca. 4.5 and 7k cal a BP (Fig. 6) may represent a similar
mechanism.
Overall, however, it is important to emphasize that (with the

possible exception of Taylor Lake) the lakes in this study were
not particularly sensitive to in‐washing of terrestrial material
after the establishment of vegetation in the surrounding
watershed. Their small watersheds were not glaciated during
the Holocene, none is fed by perennial streams, and all are
hydrologically closed for most of the year. Moreover, the
records do not exhibit prominent shifts in grain size distribu-
tion during the Holocene that would be associated with major
changes in water level that repositioned the littoral zone, with
its generally coarser sediment, relative to the coring site
(e.g. Shuman et al., 2009; Shuman and Serravezza, 2017).
Therefore, interpretation of the dust index values as a first‐
order signal of dust deposition, rather than fluctuations in the
influx of terrestrial material, is valid.

Comparison with other records
The mountains of northern Utah receive dust sourced from arid
landscapes in the south‐western USA, and possibly farther
afield (Hahnenberger and Nicoll, 2012; Goodman et al., 2019;
Munroe et al., 2019; Nicoll et al., 2020). Therefore, the

lacustrine records from the Uintas reported here are probably
tracking increasing export of dust from these areas. Work has
shown that dust export is controlled by the availability of fine‐
grained sediment for deflation (Arcusa et al., 2020), which is in
part related to aridity (Aarons et al., 2019). A variety of
paleoclimate records (Fig. 6) provide evidence of decreased
effective moisture and higher temperatures in this region
during the ‘Altithermal Period’ in the early to middle Holocene
(Antevs, 1948). For instance, pollen data from sites in the Uinta
Mountains indicate a transition to a lodgepole pine‐dominated
forest after 8.4k cal a BP (Louderback et al., 2015), with peak
warmth at the treeline between 6.5 and 5.4k cal a BP

(Munroe, 2003). In the Great Basin to the west of the Uintas,
paleontological evidence from Homestead Cave indicates
drier conditions in the Bonneville Basin after 9.1k cal a BP

(Madsen et al., 2001), and a record from Blue Lake on the
Utah/Nevada border indicates dry conditions ca. 8k cal a BP

(Louderback and Rhode, 2009). Pluvial lakes in the Great
Basin mostly disappeared after 8.5k cal a BP (Steponaitis
et al., 2015), and a detailed luminescence‐based chronology
indicates that Lake Clover built its final shoreline in north‐
eastern Nevada ca. 9.5 k a BP (Munroe et al., 2020).
Speleothem evidence from Lehman Cave in Nevada indicates
pronounced aridity after 8.2k cal a BP, extending to the end of
the record at 3.8k cal a BP (Steponaitis et al., 2015). Farther
west, the water level fell in Owens Lake after 7.0k cal a BP

(Bacon et al., 2006), and a pronounced lowstand in Lake
Tahoe is evidenced by currently submerged tree stumps in
growth position with calibrated radiocarbon ages from 6.3 to
4.9k cal a BP (Lindstrom, 1990). To the south of the Uintas in
Arizona, pollen data signal increasing aridity at Stoneman Lake
after 9.4k cal a BP (Hasbargen, 1994), and black mats related to
spring‐fed wetlands disappeared after 7.4k cal a BP. Similarly,
in New Mexico, the water level in Lake Estancia declined after
8.5k cal a BP (Polyak and Asmerom, 2005), and Jemez Bog
desiccated after 8.5k cal a BP (Anderson et al., 2008).
Collectively these studies testify to a regional decrease in
effective moisture driven by a combination of orbital forcing,
climate feedbacks and final collapse of the Laurentide Ice
Sheet (Shuman and Serravezza, 2017). Increased dust index
values in Uinta lakes at this time strongly suggest that the
amount of dust arriving in the Uinta Mountains was elevated
because of this widespread aridity.

Limitations and future directions
The dataset developed here provides a multifaceted perspec-
tive on changes in Holocene dust deposition. Nonetheless, the
data have limitations that must be considered, and possibly
addressed in future work. A major challenge is that a consistent
set of elements was not analyzed, nor were the various sample
types all analyzed with the same methodology. This reality
reduces the number of elements available for formulation of
dust indices. Future work building on the results presented
here should use a standard methodology across all sample
types.
Another issue is that the dust index is also sensitive to the

influx of mineral material from the surrounding watershed.
Recent studies have attempted to account for this problem by
using bulk density measurements along with the slope of the
depth–age model to calculate dust flux in terms of mass per
year (Routson et al., 2019; Arcusa et al., 2020). Unfortunately,
bulk density measurements were not made on these cores, so
calculation of dust flux is not possible. In addition, the
measurements made with the core scanner are in units of X‐ray
intensity, not elemental abundance, precluding the possibility
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of converting the masses of sediment to masses of dust‐related
elements. Future work could involve direct measurement of
bulk density for remaining samples from these cores using a
pycnometer, or estimation of bulk density from water content
(Munroe et al., 2018; Munroe and Brencher, 2019). XRF
scanning coupled with ICP‐MS analysis could also yield
calibration factors to convert X‐ray intensities to elemental
concentrations. Such a calibration would support mixing
models with dust and local material as end‐members to further
quantify the dust component of lake sediments (Arcusa
et al., 2020). Although these steps are beyond the scope of
the present study, such measures could be used in the future to
allow calibration of the dust indices reported here in terms of
dust flux.

Conclusions
Sediment cores from subalpine lakes in the Uinta Mountains of
Utah, USA, contain a record of dust deposition during the
Holocene. Given the contrasting geochemistry of dust and
regolith in each watershed, the Ca/Ti and Eu/Zr ratios are used
as indices for the abundance of dust in the lake sediments.
Although there is some variability reflecting the unique
hydrogeomorphic setting of each lake (Munroe, 2019), dust
index time series are broadly consistent with one another, and
signal enhanced dust deposition during the middle Holocene.
This lacustrine evidence is consistent with a variety of
records for increased aridity in the south‐western USA at
this time.
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