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Abstract
This study investigates sedimentary and geomorphic 

processes in eastern Chuckwalla Valley, Riverside County, 
California, a region of arid, basin-and-range terrain where 
extensive solar-energy development is planned. The objectives 
of this study were to (1) measure local weather parameters and 
use them to model aeolian sediment-transport potential; (2) 
identify surface sedimentary characteristics in representative 
localities; and (3) evaluate long-term landscape evolution rates 
and processes by analyzing stratigraphy in combination with 
luminescence geochronology.

The new stratigraphic and geochronologic data presented in 
this report demonstrate the varying local significance of aeolian, 
alluvial fan, lacustrine (playa), and possibly Colorado River 
influence over a range of time scales. The dominant sand-transport 
direction in eastern Chuckwalla Valley is toward the northeast, 
consistent with the recognized regional west-to-east wind 
direction. However, occasional strong wind events from the north 
can transport large quantities of sand southward and temporarily 
reshape local geomorphic features. Influence of a northwest wind 
direction is also locally dominant around mountain ranges and 
controls the modern morphology of the Palen dune field. Modeled 
sand fluxes are on the order of 105 kilograms per meter width per 
year at the site of weather monitoring, 5 kilometers northwest of 
the Mule Mountains. Aeolian dunes are locally well developed 
and actively migrating. Their location and activity are determined 
largely by sediment supply from playa surfaces and ephemeral 
stream channels, which also control the dunes’ spatial extent and 
migration potential; stream channels act as both source and sink 
for aeolian sediment in this environment.

Excavations at five sites along a northwest-to-southeast 
transect reveal that playa deposits formed around 266–226 
thousand years ago south of the McCoy Mountains and 
immediately north of the present location of Interstate 10. The 
playa material is overlain by late Pleistocene to Holocene alluvial 
fan deposits. To the southeast (south of Interstate 10, but north 
of the Mule Mountains), we identified rapid accumulation of 
alluvial sediment around the time of the Last Glacial Maximum 

(23–20 thousand years ago), unconformably overlain by a locally 
varying assemblage of recent aeolian material or Holocene 
alluvial fan sediment. We have used stratigraphic characteristics 
and luminescence ages to calculate accumulation rates for sites in 
eastern Chuckwalla Valley, and thereby to identify spatial variation 
in landscape stability over decadal and longer time scales. 

If future solar-energy development plans are to include 
natural sand-transport corridors, plans would entail retaining the 
ability for sand to be transported eastward from the ephemeral 
stream channels and playas that supply sediment to the dunes, sand 
sheets, and sand ramps of Chuckwalla Valley, and also to allow 
for southward transport during episodic strong weather events 
several times per year. The aeolian sediment-transport corridors 
are dynamic spatially and temporally, reorganizing on the basis of 
seasonal changes to wind drift potential. Future landscape stability 
also will be determined by climate-driven changes to vegetation 
and thereby to aeolian sediment availability. In a warmer, drier 
climate, aeolian sediment activity is expected to increase, owing to 
a decrease in stabilizing vegetation cover and more extreme rain 
that supplies sediment to ephemeral stream channels and playas 
from which it is remobilized by wind.

Introduction
Large areas of the southwestern U.S. deserts are being 

developed for solar-energy generation. Installing and maintaining 
productive solar infrastructure in drylands requires detailed 
knowledge of local and regional surficial geology and the 
geomorphic processes that are likely to influence the landscape 
over seasonal to multidecadal time scales. Like other desert 
regions, drylands of the southwestern U.S. are shaped by various 
geomorphic and sediment-transport processes, including aeolian 
(windblown) sediment movement and fluvial and alluvial 
fan runoff. Understanding how the local significance of those 
processes varies through space and time is key to identifying 
feasible locations for solar arrays. 

This study investigates landscape evolution in a region of 
the Sonoran Desert within eastern Riverside County, southeastern 
California. We analyzed weather conditions, geomorphic 
processes, and rates of sediment accumulation at representative 
sites within a 110-square kilometer (km2) region of Chuckwalla 
Valley west of Blythe, Calif. (fig. 1), an area designated by the 
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Figure 1.  Maps and images of the study area in Chuckwalla 
Valley, eastern Riverside County, California (Riverside 
East Development Focus Area). A, Shaded-relief map of 
the field area within southeastern California and western 
Arizona. Demarcated within the Colorado River corridor 
are sedimentary deposits of the Colorado River dating 
from approximately 6 Ma to the Holocene, as mapped 
by Crow and others (2018); yellow, Blythe Alluvium; pink, 
Chemehuevi Formation; red, Palo Verde alluvium; orange, 
Bullhead Alluvium; and green, Bouse Formation (see Crow 
and others, 2018, for detailed descriptions and discussions 
of probable ages). Box indicates area shown in panel B. B, 
Aerial photograph showing the eastern Chuckwalla Valley, 
with major basins and ranges labeled. Brown dashed line 
shows the approximate recent boundary of the Palen dune 
field. Pink-shaded areas have been permitted for solar-energy 
development. Yellow-shaded areas are U.S. Geological 
Survey (USGS) polygons referred to in this report. Black 
dashed line at eastern side shows the approximate west 
boundary of ancient Colorado River gravels (Palo Verde 
Mesa), as mapped by Stone (2006). Box indicates area shown 
in detail in C. C, Aerial photograph showing greater detail of 
study area in eastern Chuckwalla Valley. For clarity, permitted 
solar-energy zones have been omitted. Yellow-shaded areas 
are USGS study polygons. Weather station is shown by a 
blue circle and subsurface pits by red circles. D, Portion of 
geologic map by Stone (2006) showing the focus area (white 
box) in B. Units pertinent to discussion in this report are from 
Stone (2006) and include alluvium of modern washes (Qw), 
alluvial deposits of the Mule Mountains (QTmm), eolian sand 
(Qs), playa lake deposits (Qp), and units 3 and 6 of the alluvial 
fan and alluvial valley deposits (Qa3 and Qa6, respectively). 
Stone (2006) interpreted the QTmm deposits as likely 
associated with a former channel of the Colorado River.



Introduction    3

Bureau of Land Management as the Riverside East Development 
Focus Area. By measuring the rates and processes by which 
sediment accumulates or moves across this landscape, we provide 
new information relevant to the longevity and performance of 
future solar-energy facilities in this region. 

Objectives

The objectives of the study in eastern Chuckwalla Valley 
(Riverside East Development Focus Area) were to: (1) measure 
local weather parameters and use them to estimate modern 
aeolian sediment transport potential for several seasons; (2) 
identify surface sedimentary characteristics in representative 
areas of eastern Chuckwalla Valley; and (3) evaluate long-term 
landscape evolution rates and processes by analyzing stratigraphy 
in combination with luminescence geochronology. These methods 
allowed us to identify the most relevant landscape processes and 
the ways in which they interact over a range of time scales. The 
results could be used to help determine the feasibility of solar 
energy development in eastern Chuckwalla Valley. Moreover, 
one goal of the Bureau of Land Management solar energy 
development plan is to preserve natural sand-transport processes 
and pathways and to maintain habitat condition for Gopherus 
agassizii (desert tortoise), Uma scoparia (Mojave fringe-toed 
lizard), and other sensitive species; this report provides new 
information relevant to understanding aeolian sand-transport 
pathways and time scales of sediment movement to assist with 
that effort. Future studies may use geochemical and mineralogic 
characteristics from key geomorphic features to examine sediment 
provenance and infer sediment-transport pathways. 

Field Setting and Previous Work

Chuckwalla Valley, east Riverside County, California, 
trends east-west in the northwestern part of the Sonoran Desert, 
within the basin-and-range province of the southwestern U.S. 
(fig. 1). Mountain ranges flanking the valley consist of Mesozoic 
metamorphic rocks (meta-igneous and metasedimentary bedrock), 
whereas other local ranges consist of Tertiary (mostly Oligocene 
and Miocene) volcanic rocks with minor occurrences of granite 
(Stone and Kelly, 1989; Sherrod and Tosdal, 1991; Stone, 2006). 
This study focuses on a 110 square kilometer (km2) area within 
the valley. The range nearest our study area, the Mule Mountains 
(fig. 1), consists primarily of Jurassic plutonic and volcanic rocks 
(Stone, 2006). Bedrock in the McCoy Mountains, immediately 
to the north, is predominantly Cretaceous sedimentary rocks 
(siliciclastic sandstones, shales, and conglomerate with minor 
carbonate occurrence); many lithic clasts within the Cretaceous 
units are volcanic in origin (Stone, 2006).

The Colorado River truncates the east end of Chuckwalla 
valley, forming the east boundary of Riverside County and the 
California–Arizona state line. Because the location of Colorado 
River channels have shifted continuously in historical and 
prehistoric time, large paleochannels are present beneath the 
city of Blythe, Calif., and throughout its surroundings (fig. 1; 

for example, Crow and others, 2018; Block and others, 2019). 
Much of the historical floodplain is developed for agriculture 
today. Paleochannel deposits of the Colorado River include fluvial 
gravels containing well-rounded siliciclastic particles; the oldest 
comprise Pleistocene deposits of Palo Verde Mesa (Metzger and 
others, 1973; Stone, 2006). Additional Pliocene to Pleistocene 
exposures of alluvial gravels occur south of the McCoy Mountains 
but have an unresolved stratigraphic relation with the Palo Verde 
Mesa deposits. The westernmost local exposures of fluvial gravels 
that are thought to be associated with the ancestral Colorado River 
occur on the north and northwest sides of the Mule Mountains, at 
elevations of 150–240 m (unit QTmm of Stone, 2006; fig. 1D). 
The Pleistocene or Pliocene sedimentary deposits (unit QTmm of 
Stone, 2006) consist of weakly to moderately consolidated sand 
and pebbly sand interbedded with locally derived gravel. Stone 
(2006, p. 12) described “rounded river pebbles, mostly quartzite 
and chert” in the QTmm deposits and noted that the unit extends 
through a wide depression in the northwestern Mule Mountains, 
probably marking a former channel of the Colorado River. 

Key geomorphic features of eastern Chuckwalla Valley 
include a north-flowing ephemeral stream informally named Wiley 
Well wash, which flows into the valley from the south and delivers 
sediment to the valley floor near key sampling sites (fig. 1). Playa 
deposits associated with ephemeral lakes, as well as aeolian 
dunes and sand sheets, are common on the valley floor adjacent 
to the terminus of this and other washes. Chuckwalla Valley 
also contains alluvial fans that are sourced from the surrounding 
ranges. Alluvial fans in the southwestern U.S. typically are 
deposited by large, episodic floods and debris flows that form 
and evolve during major storms (for example, Harvey and others, 
1999; D’Arcy and others, 2017). Work by Miller and others (2010) 
has indicated that alluvial fans in this region may aggrade most 
commonly owing to flash floods and debris flows during intense 
summer storms, whereas their channels likely incise during floods 
caused by less intense cool-season frontal storms. The discharge 
from these alluvial fans drains into ephemeral channels, which 
empty into ephemeral, closed lake basins that form playa deposits 
after desiccation. Interspersed between these alluvial features 
are the aeolian dunes and sand sheets; the aerial photograph in 
figure 1B illustrates the juxtaposition of alluvial fans, aeolian 
sand sheets, and playa deposits in this region. Dunes in this study 
area range from less than one meter to several meters tall. Some 
previous research has described the aeolian features as forming 
sand-transport corridors, wherein wind deflection (topographic 
steering) by mountain ranges facilitates sand transport between 
various aeolian depocenters (for example, Zimbelman and others, 
1995). The sand-transport corridors are argued to have developed 
as a result of climatic conditions (Lancaster and Tchakerian, 2003), 
although sediment supply and geomorphic factors introduce 
nuance into this conceptual framework, as we discuss further 
below (Muhs and others, 2003). Our field area occupies part of the 
Clarks Pass system described by Zimbelman and others (1995).

Geomorphic features and their formative processes interact 
extensively in southwestern U.S. drylands (for example, Parsons 
and Abrahams, 2009; Nials and others, 2013; Lancaster, 2020; 
Redsteer, 2020). Streamflow in ephemeral washes supplies 
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sediment to aeolian dunes and sand sheets downwind (Clarke 
and Rendell, 1998; Draut and others, 2012; Bogle and others, 
2015), and playa surfaces are commonly sources of aeolian dust 
(Reheis and Kihl, 1995; Pelletier, 2006; Reynolds and others, 
2007). Zimbelman and others (1995) and Muhs and others (2003), 
while investigating regional aeolian sand-transport pathways for 
southeastern California and western Arizona, found that locally 
derived alluvium is a major source of aeolian sediment in dunes 
and sand sheets in eastern California, whereas in western Arizona 
the Colorado River becomes a significant source of sediment in 
aeolian deposits to the east (downwind). Alluvial fan morphology 
and sediment composition in desert environments are modified by 
water as overland flow, and by wind reworking that adds sediment 
to the fan from noncatchment sources, in some places forming 
aeolian sand sheets on top of alluvial fan deposits (Blair and 
McPherson, 2009).  

The regional climate in eastern Riverside County is arid 
and is classified as the hot desert (BWh) category in the Köppen-
Geiger climate classification (Beck and others, 2018). From 1981 
to 2010 annual rainfall was about 10 centimeters (cm) there, and 
temperatures are some of the hottest in the U.S.; mean annual 
temperature is 22–25 °C, and maximum temperature is above 
40 °C during July, August, and September (Parameter-elevation 
Regression on Independent Slopes Model [PRISM], 2020). 
These warm temperatures are partly attributable to low elevation: 
elevations within eastern Chuckwalla Valley are generally 
100–250 meters (m) above sea level. The lowest local elevation 
is about 80 m and occurs in the Colorado River floodplain near 
the town of Blythe, Calif. Historical precipitation records from 
Blythe show that the driest months of the year occur during spring 
(April to June); June typically has zero precipitation (National 
Oceanic and Atmospheric Administration, 2020a). Approximately 
65 percent of rainfall occurs in winter as a result of cold frontal 
storms. The remaining 35 percent occurs during summer and early 
fall: July to October, the North American Monsoon season, when 
moisture is advected inland from the Gulf of California (Maddox 
and others, 1995; Young and others, 2017). Monsoon-season 
storms can include severe thunderstorms and flash flooding (for 
example, Griffiths and others, 2009). Occasional tropical cyclones 
also bring moisture into southwestern U.S. deserts during late 
summer, causing regional flooding (Barth and others, 2018). On 
annual to multidecadal time scales, regional climate is influenced 
by the El Niño Southern Oscillation (ENSO) and Pacific Decadal 
Oscillation (PDO) cycles (Hereford and others, 2006; Seager 
and others, 2007), but the ways in which those teleconnections 
influence southern California’s weather and climate remain 
incompletely understood (Lee and others, 2018). The southwestern 
U.S. has dried measurably in the past 30 years (Seager and 
others, 2007; U.S. Global Change Research Program [USGCRP], 
2018) and since 2000 has developed persistent, severe dry 
conditions now considered a megadrought, partly attributable to 
anthropogenic warming (Williams and others, 2020). Particularly 
extreme drought from 2012 to 2015 in California was both 
temperature- and precipitation-driven, had an historical recurrence 
interval of greater than a century (Biondi and Meko, 2019), and 
may have been the most severe drought of the past 1,400 years 

(AghaKouchak and others, 2014; Griffin and Anchukaitis, 2014; 
Hatchett and others, 2015). Its severity is thought to exemplify 
future drought conditions in this region as climate continues to 
warm (Diffenbaugh and others, 2015; Ullrich and others, 2018; 
Williams and others, 2020).

Landscapes in the study region are sparsely vegetated. We 
did not conduct systematic vegetation surveys but noted that on 
sandy surfaces the dominant shrub species is Larrea tridentata 
(creosote; fig. 2), and Ambrosia dumosa (burrobush) is also 
common, especially in broad, flat, and sandy landscapes with 
little active sand transport. Examples of other common species 
include Abronia villosa (sand verbena), Sphaeralcea emoryi 
(globemallow), Hesperocallis undulata (desert lily), and grasses 
including Pleuraphis sp. (galleta) and Aristida purpurea (three-
awn). Locally occurring nonnative vegetation includes invasive 
Brassica tournefortii (Sahara mustard), Schismus sp. (schismus 
grass), and, less commonly, Salsola sp. (Russian thistle). 
Additional information on vegetation in this region can be found 
in the work of Menke and others (2016). 

A 300-m-deep well drilled by Everett and others (2013) in 
eastern Chuckwalla Valley near the depocenter of Wiley Well 
wash revealed silt and clay deposits with marl (carbonate mineral 
accumulations) alternating with silty sand beds primarily below 
a depth of 86 m, which the authors assigned to the (informally 
named) Pinto formation. These were overlain at that location by 
a series of very fine to medium sand, sandy silt, and silty gravelly 
sand deposits, described collectively as “alluvium” by Everett and 
others (2013) and assigned no formal stratigraphic name. 

The most recent geomorphic investigations covering 
portions of our study area were by Kenney (2016) and Kenney 
(2018), who described geomorphic features and investigated 
subsurface material with a focus on the north and east sides of 
the Mule Mountains while assessing feasibility for the proposed 
Crimson Solar Project. The report by Kenney (2016) identified 
a transition from alluvial to eolian deposition occurring during 
the early to middle Holocene (8 to 5 thousand years ago [ka]) 
in the area northeast of the Mule Mountains. In contrast, 
working farther to the northwest in Palen Valley (fig. 1B), Nials 
and others (2013) identified Pleistocene aeolian and alluvial 
deposits interbedded and overlain unconformably by late 
Holocene to modern alluvium, but no early or mid-Holocene 
strata were observed. Kenney (2018) noted that aeolian sand-
migration pathways tend to be local rather than regional and 
driven by topographic steering of wind around mountain 
ranges; he also used geomorphic features to infer likely local 
transport pathways around the northeastern part of the Mule 
Mountains. Kenney (2018) recognized that on the flanks of 
the Mule Mountains sediment moves downslope when carried 
by alluvial fan runoff and can be carried back up the alluvial 
fan channels by wind. However, he inferred that the dominant 
local aeolian transport direction appeared to be toward the 
northeast, consistent with the interpretations of Muhs and 
others (2003). Transport also was inferred from sand sources in 
Palen Valley (fig. 1B), implying a component of sand migration 
directed toward the south-southeast (Plate 3A of Kenney, 2018). 
This interpretation by Kenney (2018) was consistent with a 
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remote-sensing analysis having shown that dunes in the Palen 
dune field (fig. 1B) migrate about 50 meters per year (m/yr) 
toward the south-southeast (Potter and Weigand, 2016). 

Having found that in the area northeast of the Mule 
Mountains the aeolian sediment was commonly about 1 m thick 
and underlain by Holocene material, Kenney (2018) inferred 
that modern accumulation rates of aeolian sand are low, that the 
aeolian sand was derived from local rather than far-field sources, 
and that local sand deposits are “stable and degrading.” Moreover, 
Kenney (2018) posited that aeolian deposits were unlikely to 
become active in the immediate vicinity of the Mule Mountains 
“for at least a thousand years,” even under warmer, drier climate. 
Other studies have found that potential aeolian transport from 
local sources commonly does occur in similar settings, as source-
bordering dunes (Draut and others, 2012; Bogle and others, 2015) 
and can pose risks to infrastructure.

Kenney (2018) also noted that when (nonnative) Sahara 
mustard plants bloom during late winter and early spring,  the 
vegetation cover can become so dense locally that sand 
entrainment by wind is almost nonexistent. However, vegetation 
cover does not preclude periods of aeolian sediment transport  if 
vegetation germination and growth is out of phase with wind 
events or if pulses of sediment from local sources form dunes that 
migrate over a stable vegetated surface (Bogle and others 2015).

Our present study expands on previous work and considers a 
larger field area (about 110 km2) to examine the potential aeolian 
sediment transport and local dune activity. By focusing generally 
north of the 35-km2 region studied by Kenney (2018), we included 
areas other than the Crimson Solar Project that also have been 
permitted provisionally for solar-energy development (fig. 1). 
We obtained and analyzed stratigraphic and geochronologic 
information from areas not previously investigated, and we 
collected high-resolution weather data that were used to model 
potential aeolian sand flux in eastern Chuckwalla Valley. 

Methods
Our assessment of landscape processes in the Riverside 

East Development Focus Area involved measuring local 
weather parameters and using the data to estimate aeolian sand-
transport potential, characterizing surface sediment and modern 
geomorphic processes, and using stratigraphy and luminescence 
geochronology to quantify long-term accumulation rates. The 
following descriptions of the weather-station deployment and 
locations of sedimentary and stratigraphic data collection refer 
to eight areas (polygons) that we selected to be representative 
of various geomorphic settings in eastern Chuckwalla Valley. 
Locations of the polygons are shown on figure 1.

Weather Monitoring and Sand-Transport Modeling

We deployed a weather station on February 7, 2019, at 
lat 33.584° N., long 114.830° W., on a sparsely vegetated sand 
sheet within polygon 2 (fig. 2). The station consisted of sensors 

(mounted on a tripod) that measure wind speed, wind direction, air 
temperature, and relative humidity. Wind speed and wind direction 
were measured at a height of 2 m above the ground surface. The 
wind-speed sensor was an Onset S-WSB-M003 unit capable of 
measuring wind speed from 0 to 76 meters per second (m/s). This 
sensor has a starting threshold of 1 m/s and reports the average 
wind speed and maximum 3-second gust over each logging 
interval. The wind-direction sensor was an Onset S-WDA-003 unit 
with a manufacturer-stated resolution of 1.4 degrees and accuracy 
within 5 degrees. This sensor has a measurement range of between 
0 and 355 degrees azimuth, and so does not resolve wind direction 
within 5 degrees west of north. It uses vector components of 
wind direction, averaged every 3 seconds, to provide average 
wind direction over the logging interval. Temperature and relative 
humidity were measured using an Onset S-THB-M002 sensor. 
Temperature measurements from that sensor have an accuracy 
of ± 0.21 °C from 0 to 50 °C and resolution of 0.02 °C. Relative 
humidity measurements (0–100 percent) made with that sensor 
have 0.1 percent resolution and accuracy ± 2.5 percent from 10 
to 90 percent relative humidity, although below 10 percent or 
above 90 percent the accuracy decreases to ± 5 percent. These 
three sensors were connected to an Onset U30 data logger, which 
was set to 4-minute logging and averaging intervals throughout 

Figure 2.  Photograph of a weather station deployed in eastern 
Chuckwalla Valley on February 7, 2019. U.S. Geological Survey 
photograph taken February 7, 2019, view facing southwest. 
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the study duration. The use of a 4-minute interval was intended to 
allow the highest resolution of wind speed while minimizing the 
risk that the logger memory would fill between maintenance visits. 

Rainfall was recorded on an Onset HOBO RG3-M 
standalone tipping-bucket rain gage, affixed to a 1-m-high 
stake approximately 3 m away from the primary tripod (fig. 2). 
This gage measures rainfall with a resolution of 0.2 millimeter 
(mm). Data were recorded on a self-contained pendant logger 
housed within the unit. The gage also records air temperature, 
with resolution 0.1 °C and accuracy ± 0.5 °C, although 
because the temperature sensor operated within the aluminum 
rain-gage housing instead of in its own shaded housing, its 
temperature measurements are assumed to be over-estimates 
during daylight (sunlit) hours. 

The weather-monitoring equipment operated without 
telemetry capabilities. The station underwent maintenance, 
and the data were downloaded during site visits on June 26, 
September 20, and November 13, 2019, and on March 16, 
June 1, September 4, and December 21, 2020, at which time 
the weather station was removed. 

Measurements of wind speed and direction were used to 
calculate vector sums over the entire study duration and for 
individual months. We also used the 4-minute wind-speed data 
to model the sand flux that could occur under ideal conditions 
of unlimited sediment supply (that is, assuming no vegetation-
induced inhibition of aeolian sand entrainment). To model sand 
flux, we applied four aeolian sediment-transport equations 
(table 1): those of Bagnold (1941), Kawamura, (1951), Zingg 
(1953) and an equation developed by both Durán and others 
(2011) and Kok and others (2012), hereafter referred to as the 
Durán-Kok model. The predictions of any aeolian sediment-
transport model are considered to have substantial uncertainty, 
owing to the inherent difficulty of quantifying the nonlinear 
relationship between wind speed and sand transport (Bauer and 
others, 1996). The scientific community has not agreed upon 
one transport model that performs ideally. We chose these four 
models because each has robust support in the literature and the 
use of all four includes a range of approaches and assumptions 

to infer the sediment-transport rate. The transport equations 
in table 1 require an estimate of shear velocity, u*, which we 
calculated for each 4-minute data point using the Kárman-
Prandtl equation (the Law of the Wall): 

	 u* = u(z) k / ln (z/z0)	 (1)

where 
	 u	  is wind speed measured at height z, 
	 k	  is von Kárman’s constant (0.41), and 
	 z0	  is the roughness length.  

While calculating u* and before applying the four models, we 
chose a roughness length of 0.02 m based on observations 
of small wind ripples and occasional gravel particles in 
the vicinity of the weather station. The median grain size 
(D50) at the weather-station site was 150 micrometers (μm; 
see Surficial Sediment Characterization section) and so we 
assigned a threshold wind speed of 2 m/s on the basis of the 
critical entrainment threshold formulation of Bagnold (1941), 
which yields a threshold shear velocity (u*t) of 0.1781 m/s. We 
assumed sand would become too wet to be entrained by wind 
if at least 1 mm of rain fell within 1 hour, and that the sand 
would remain immobile for 6 hours thereafter. 

Surficial Sediment Characterization

We characterized surface processes and sedimentary 
properties in eight polygons (fig. 1C) intended to represent 
a variety of geomorphic settings within the proposed 
Riverside East Development Focus Area. In each polygon, the 
sedimentary and geomorphic setting were assessed visually 
during site visits in February 2019. Orientations of any aeolian 
geomorphic features were noted, and multiple samples were 
collected for grain-size analysis.

Sediment grain size was analyzed at the USGS laboratory 
in Santa Cruz, Calif. Particles coarser than 2 mm were sieved 

Table 1.  Sediment-transport equations used to model aeolian sand flux.

[u*, shear velocity; d, grain size (in meters); D, reference grain size (in meters), namely 250 micrometer-diameter sand; u*t, threshold shear velocity for motion 
of the grain size considered; ρs and ρ, densities of quartz sediment and air, respectively (taken to be 2,650 and 1.2 kilograms per cubic meter; g, gravitational 
acceleration (9.8 meter per square second). C is a constant from Kok and others (2012) set equal to 5. In that equation, u* refers to the shear velocity associated 
with the impact threshold, a similar concept to u*t in the equation of Kawamura (1951) and several other transport models in the literature]
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using a RO-TAP sieve shaker, and particles finer than 2 mm were 
analyzed with a Coulter laser particle-size analyzer (LPSA), after 
organic matter had been removed using a hydrogen peroxide 
solution. Several months after the samples were analyzed, a 
problem was discovered with the LPSA that had caused inaccurate 
measurement of the coarse silt content (sizes approximately 40 
to 63 μm). Grain-size distribution of particles coarser than 63 μm 
was unaffected, and the proportions of silt (4–63 μm) and clay 
(finer than 4 μm) also were measured accurately. Therefore, these 
data are reported in the Results section below without defining 
particle-size distribution between 4 and 63 μm.

Stratigraphic Analysis and Luminescence Dating

We evaluated subsurface profiles at five locations in March 
2020 (red circles of fig. 1C), describing stratigraphy and sampling 
sediment in pits excavated with a backhoe. The five pit locations 
defined a northwest-to-southeast transect along eastern Chuckwalla 
Valley. Pit 1 was located north of Interstate 10, southwest of the 
McCoy Mountains at the southeast end of Palen-McCoy valley. 
Pit 2 was located within polygon 2, several hundred meters west 
of the weather station and north of the Mule Mountains. Pit 3 was 
approximately 1 km east of polygon 2, and Pit number 202 was 
located at the north side of the Mule Mountains. Pit 4, the only 
exposure that was dug by hand, was within polygon 4, northeast 
of the Mule Mountains. In each pit, we described and sampled 
sedimentary units and described the soil profiles. Grain size of 
sediment samples from these subsurface pits was analyzed by 
sieving, using sieve sizes ranging from 45 μm to 4 mm. 

To estimate the ages of the deposits uncovered during the 
subsurface excavations, we employed luminescence dating. 
Luminescence dating is a technique that involves counting the 
number of electrons stuck in meta-stable states at the molecular 
scale of common minerals such as quartz and feldspar (for 
a summary of luminescence geochronology, see Gray and 
others, 2019). These electrons become stuck in these states at 
a measurable rate due to natural background ionizing radiation 
and generally escape only when given energy, such as by 
exposure to sunlight. As such, a luminescence age effectively 
measures the time since a mineral grain has been exposed 
to sunlight. Here, we use a method known as post-infrared 
infrared-stimulated luminescence (pIRIRSL) on 180–250 μm 
sand grains of potassium feldspar (Thomsen and others, 2008; 
Thiel and others, 2011; Li and others, 2014) as the typical 
optically stimulated luminescence dating used on quartz 
does not work well in this region due to unfavorable quartz 
geochemistry (Lawson and others, 2012).

We performed standard sample preparation at the USGS 
Luminescence Geochronology Laboratory in Denver, Colo., 
following the procedures of Gray and others (2015). First, we 
collected samples from each of the five pits by hammering in 
light-proof stainless-steel tubes into the exposed stratigraphic 
layers. We extracted and capped the tubes and collected bulk 
sediment samples for measurement of elemental concentrations 
of potassium, thorium, and uranium using Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS) and high-resolution 

germanium gamma spectrometry using USGS facilities. Dose 
rates were determined using the Dose Rate and Age Calculator of 
Durcan and others (2015). Samples were opened under dark-room 
conditions lit by sodium-vapor amber lamps; water content by 
weight was measured from the extracted sediment. We extracted 
feldspar separates by treating the samples with rounds of 5N HCl, 
30 percent H2O2, sieving to isolate the 180–250 μm size fraction, 
and performing magnetic and heavy liquid density separations.

To calculate luminescence ages, we used pIRIRSL 
measurement protocols adapted from Li and others (2014) and 
Carr and others (2019) using an automated Lexsyg Research 
luminescence reader fitted with infrared light-emitting diodes 
and a filter combination centered on 410 nanometers. We 
first confirmed that all samples had adequate luminescence 
characteristics by performing dose recovery tests using our 
protocol on six aliquots with a given beta dose of 16.5 gray. 
All samples produced successful dose recovery within 5 
percent. We then performed fading tests following methods 
adapted from Auclair and others (2003), irradiating samples 
with 50 gray of beta dose and holding the samples for 72 
hours. All but two samples produced g-values significantly 
less than 2 percent, so we concluded that any positive g-values 
represent laboratory artifact and thus no fading correction 
was performed. Equivalent doses obtained for each aliquot 
were used to calculate a sample-wide paleodose using the 
central age model (CAM; Galbraith and Roberts, 2012) and 
the R-Luminescence package (Kreutzer and others, 2012). We 
chose the CAM since the aeolian deposits in this location are 
likely to be well bleached and no suitable modern analog is 
present in order to apply the minimum age model for non-
aeolian sediments (Galbraith and Roberts, 2012).

Results

Weather and Sand-Transport Modeling

Figures 3–8 summarize the weather conditions recorded in 
eastern Chuckwalla Valley between February 2019 and December 
2020. Several of the weather sensors experienced intermittent 
malfunctions, presumably because high winds interrupted 
electrical connections. On April 10, 2019, during sustained (4 
minute) wind speeds exceeding 10 m/s and gusts of 13–14 m/s, 
the wind-direction, temperature, and relative-humidity sensors all 
ceased recording data within several minutes of each other. These 
sensors remained non-operational until they were repaired on 
June 26, 2019 (the data gaps on figs. 3–5). Another outage of the 
temperature and humidity sensor occurred on October 30, 2019, 
during sustained wind speeds of 13 m/s and concurrent gusts of 
as much as 18 m/s; that sensor was repaired, and data collection 
resumed on November 13, 2019 (figs. 4, 5). The temperature and 
humidity sensor malfunctioned again on June 1, 2020, and was 
replaced with a new sensor the following day. That sensor failed 
during strong winds (14 m/s gusts) on September 8, 2020, and 
remained inactive for the rest of the study interval.
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The recorded weather data (figs. 3–5) generally conformed 
to expected, previously measured patterns for the southwestern 
U.S. drylands and to those measured at the Blythe airport, 8 km 
west of the town of Blythe (National Oceanic and Atmospheric 
Administration, 2020b). Wind speeds measured at our station 
commonly were highest in the spring (fig. 3), with 4-minute 
average values greater than 10 m/s on multiple occasions. 
Daytime temperatures were greater than 40 °C in summer and 
were usually 10–20 °C during winter. The spring windy season 
was accompanied by little rain (similar to patterns observed 
by, for example, Draut and Rubin, 2008, and Draut and others, 
2012). Winter 2019 was dry, and only 2.8 mm of rain fell 
between the time of instrument deployment in early February 

Figure 3.  Graphs of wind speed, plotted as 4-minute average values (A), and maximum gust speed in each 4-minute 
interval (B), for the study duration beginning on February 7, 2019, and ending December 21, 2020.
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and the onset of the typically dry spring and early summer. 
The summer monsoon season of 2019 (July to late September) 
brought less than 5 mm of rain to this site, and the 2020 summer 
monsoon brought none at all (fig. 5B). Major spatial variability 
in rain was evident. For example, during February 13–15, 2019, 
an extreme atmospheric-river storm brought record-setting 
atmospheric moisture to southern California (Hatchett and 
others, 2020), including more than 130 mm of rain in western 
Riverside County that caused widespread flooding (Guilinger 
and others, 2020). Our weather station in eastern Riverside 
County recorded only 1.4 mm of rain during that storm. The 
most substantial rainfall recorded at this station occurred on 
March 10–12, 2020, when 32.4 mm of rain fell. 
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Figure 4.  Graphs of air temperature measured using the sensor mounted on the main weather-station (A) and a sensor within the 
aluminum tipping-bucket rain gage (B ; see fig. 2 and text for description of setup). Data gaps in A occurred over several intervals 
after electrical connections were disrupted during strong wind events. 
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Wind directions were commonly from the southwest (usually 
ranging from south-southwest to west-southwest), although 
seasonal variability was apparent (figs. 6–8). Monthly vector sums 
of wind magnitude and direction indicated wind blew from between 
180 (due south) and 270 degrees (due west) in most months for 
which wind-direction data were collected (table 2). A notable wind 
event that consisted of strong northwesterly winds occurred during 
October 30–31, 2019. Those high winds were preceded by several 
days (October 27–28) of moderately strong winds (4–9 m/s) from 
the southwest, but the October 30–31 event included sustained 
winds above 15 m/s and gusts as strong as 22 m/s from the north-
northwest (fig. 9). That northwesterly wind event developed 
suddenly, and wind speed increased from 0 to consistently above 

10 m/s within 30 minutes. No decrease in temperature accompanied 
the arrival of strong north winds, indicating the event was likely not 
caused by a cold front. The October 30–31, 2019, northwesterly wind 
event reshaped local sedimentary features and formed sand shadows 
(some as tall as 30–40 cm) in the lee sides of rocks and vegetation 
(fig. 9) where no strong geomorphic indicators of wind direction had 
been present on earlier site visits. Similar rapidly developing, strong, 
dry northerly winds were recorded over September 8–10, 2020, and 
December 12–13, 2020, that again reshaped sand shadows around 
the weather-station location to reflect that wind direction. At other 
times, particularly in fall, strong and dry wind events were recorded 
coming from the southwest, northwest, and occasionally southeast 
(figs. 6, 7).
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Table 2.  Vector sums of wind speed (4-minute averages) and direction, by month. 

[Due to sensor malfunction, wind directions were not recorded between April 10 and June 26, 2019; NA, not available. Wind speed is reported in meters per 
second and wind direction in degrees azimuth, which refers to the direction from which the wind blew. The magnitudes in this table can be used to compare 
relative strength (directionality) by month, but because they are vector sums, do not represent instantaneous wind speeds]
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Month and year Magnitude Direction
February 2019 5,165 226
March 2019 8,533 239
April 2019 24,522 197
May 2019 32,693 NA
June 2019 23,583 189
July 2019 23,938 182
August 2019 17,511 182
September 2019 13,311 185
October 2019 6,212 315
November 2019 3,376 186
December 2019 4,519 288

Figure 5.  Graphs of relative humidity (A), including the same data gaps as in figure 4A, and cumulative rainfall (B) during the study 
interval. Data gaps in A occurred over several intervals after electrical connections were disrupted during strong wind events.

Month and year Magnitude Direction
January 2020 3,927 310
February 2020 5,998 319
March 2020 13,223 209
April 2020 10,786 211
May 2020 12,852 198
June 2020 14,573 184
July 2020 17,334 181
August 2020 18,398 184
September 2020 2,111 182
October 2020 2,852 294
November 2020 6,698 239
December 2020 5,544 339
Entire study duration: 195,180 201
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Figure 6.  Polar plots of wind speed (in 0 to 20 meters per second from the center to the perimeter of the circle, respectively) and wind 
direction (in degrees azimuth; shown radially along circle’s perimeter) for each month of 2019. January data are absent because data 
collection began on February 7. Blue symbols represent 4-minute average wind speed, and red symbols represent maximum gust speed for 
each 4-minute interval. No data are shown from April 10 to June 26, 2019, or from October 30 to November 13, 2019, owing to malfunction 
of the wind-direction sensor. The sensor used had a measurement range of between 0 and 355 degrees, and so does not resolve wind 
direction within 5 degrees west of north.
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Figure 7.  Polar plots of wind speed (in 0 to 20 meters per second from the center to the perimeter of the circle, respectively) and wind direction 
(in degrees azimuth; shown radially along circle’s perimeter) for each month of 2020. Blue symbols represent 4-minute average wind speed, 
and red symbols represent maximum gust speed for each 4-minute interval. The sensor used had a measurement range of between 0 and 355 
degrees, and so does not resolve wind direction within 5 degrees west of north.
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Figure 8.  Histograms of 4-minute average wind-speed measurements for the entire study duration (February 2019 through 
December 2020). A, Relative frequency histogram showing the probability of wind speed (in meters per second). B, Wind-
rose histogram showing wind speed frequency by direction. The stacked color-filled boxes show relative frequency of each 
windspeed from a given direction, whereas the length of the bar shows the relative frequency of a wind direction. Wind-rose 
histogram made with Windrose for Python 3.4 (Roubeyrie and Celles, 2018).
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Modeled sand fluxes, calculated using the four transport 
equations in table 1, were on the order of 105 kilograms (100 
metric tons) per meter width per year (fig. 10). The calculated 
sand flux shown in figure 10 incorporates the assumption that sand 
would be entrained and transported by wind only when dry (sand 
was considered too wet to move if at least 1 mm of rain fell within 
1 hour, and for 6 hours thereafter). This assumption required 
removing wind data for parts of 12 days from consideration in 
the modeling exercise. Removing the presumed wet conditions 
had a negligible effect on calculated sand flux; for each of the 
four models, the sand flux over dry intervals differs from the sand 
flux calculated over the entire study interval (dry and wet) by 
one percent or less. The modeled fluxes (average of the values 
produced by the four models) indicate that the October 30–31, 
2019, northerly wind event could have mobilized as much 

Figure 9.  Photographs and polar plot showing evidence 
of a strong wind event October 30–31, 2019. A and B, 
U.S. Geological Survey photographs taken November 
13, 2019, showing geomorphic modification as a result 
of recent north-northwesterly winds. Sand shadows 
are apparent in the lee of vegetation and are oriented 
consistently with a north-northwesterly wind (sand flux 
toward the south-southeast). Photographs were taken 
approximately 100 meters north of the weather station in 
polygon 2 (see fig. 1 for general location). The arrow on 
the scale card (arrow is 10 cm long) in each photograph 
points due north. These geomorphic features had 
disappeared by the time of the next site visit in March 
2020, presumably as the more common southwesterly 
wind direction resumed. C, Polar plot of wind speed (in 0 
to 20 meters per second from the center to the perimeter 
of the circle, respectively) and wind direction (in degrees 
azimuth; shown radially along circle’s perimeter) 
on October 30 and 31, 2019. Blue symbols represent 
4-minute average wind speed and red symbols represent 
maximum gust speed for each 4-minute interval.

as 4,860 kilograms of sand per meter width within 10 hours, 
assuming unlimited sand supply. The dominant direction of sand 
flux (the average value of the four model results for each 4-minute 
data point) was calculated to be toward the northeast (fig. 11), 
which is a response to sand-mobilizing wind that blows frequently 
from the southwest. 

Surficial Sediment Characterization

Visual observations and grain-size analyses were used to 
characterize surface morphology and local sedimentary processes 
for eight polygons and the southeastern part of the Palen dune 
field (fig. 1), as shown in figures 12–20. Sediment particle size 
is shown graphically in figures 12–16 and figures 18–20 without 
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Figure 10.  Graphs of wind speed, modeled sand flux, and cumulative modeled sand flux for the duration of the study. A, Graph of 
wind speed, as 4-minute average values (see also fig. 3A). B, Time-series graph of modeled sand flux in kilograms per meter width, 
at 4-minute resolution, calculated using the aeolian sand-transport equations in table 1 for time when the sand is presumed to have 
been dry. C, Graph of cumulative sand transport during dry conditions throughout the study duration. 
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Figure 11.  Wind-rose histogram of modeled sand 
flux showing frequency by direction. Modeled 
sand flux is calculated for 4-minute average sand-
transport values (the average of the values given 
by each of the four transport equations in table  1) 
and assuming that the flux direction would be 
180 degrees from the wind direction. The stacked 
color-filled boxes show relative frequency of 
sediment flux towards a given direction, whereas 
the length of the bar shows the relative frequency 
of sediment flux. Dominant flux direction is 
calculated to be toward the north-northeast. 
Wind-rose histogram made with Windrose for 
Python 3.4 (Roubeyrie and Celles, 2018).

defining the distribution between 4 and 63 μm (shown as a straight 
line in each plot), owing to the aforementioned LPSA problem. In 
general, surface morphology in the study area consisted of sparsely 
vegetated sand sheets that contain local areas of active aeolian 
dunes, as well as distal portions of alluvial fans draining the Mule 
Mountains and McCoy Mountains. We observed localized field 
evidence for recent aeolian sediment transport (wind ripples, sand 
shadows, and active barchanoid dune morphology). Although no 
flowing or standing water was present during our site visits, we 
noted mud cracks that indicated the earlier presence of standing 
water in some areas. Fluvial ripples in surface sediment indicated 
recent surface-water flow in several ephemeral stream channels. 
Conditions in each polygon are described below. 

Polygon 1, at an elevation of 127 m, included part of the 
depocenter where the ephemeral channel Wiley Well wash 
delivers runoff occasionally (fig. 12). Local morphology did not 
consist of clearly defined alluvial channels at the time of our visits 
in 2019 and 2020, but we observed many areas that contained 
dried mud cracks in playa-like fine-sediment deposits, indicating 
the former presence of standing water (fig. 12A). Surface sediment 
was predominantly sand, and the surface was generally flat except 
where the sand formed mounds centered around creosote bushes. 
Creosote-centered sand mounds were a common feature in most 
polygons we examined and probably represent small coppice 
dunes or nebkhas, which form as windblown sand accumulates 
around vegetation while the plant grows. The morphology of 

these coppice dunes suggests neither recent deflation nor inflation. 
Evidence for recent deflation would have included exposed plant 
roots, and recent inflation (accretion) would have been inferred 
from partial burial of living vegetation, but neither was observed 
in polygon 1. Evidence for erosional modification (blowout) of 
older aeolian deposits leaving a mounded remnant deposit would 
normally include exposures of aeolian sedimentary structures 
along the edges of the mound, which also was not clearly apparent 
in polygon 1. Evidence of recent aeolian sand activity was rare, 
although wind-rippled sand occurred in small, uncommon patches. 
Sediment samples consisted of well-sorted fine to medium sand, 
with the exception of sample 1-2, which was finer material 
from a mud-cracked, playa-like surface (fig. 12C). Vegetation in 
polygon 1 was dominated by creosote bushes, Plantago ovata, and 
Cryptantha sp. Burrows of unidentified animals were common, 
including one large (greater than 15 cm across), bifurcating burrow 
in sand. The surface morphology and vegetation showed little 
spatial variability within the polygon.

Polygon 2, including the area surrounding our weather station 
(elevation 135 m), is within a large sand sheet east (downwind) of 
Wiley Well wash (figs. 1, 13). The polygon 2 landscape is more 
sparsely vegetated than that of polygon 1. The land surface is flat 
and has alternating wind-rippled sand accumulations and coarser-
grained lag deposits. Dune morphology is rare, but in February 
2019 we observed several low-relief dunes (less than 1 m high) 
southwest of the weather station. Active sand transport was evident 
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Figure 12.  U.S. Geological Survey photographs (taken February 7, 2019) of the land surface in polygon 1 and grain-size graph of samples 
collected from polygon 1 in February 2019 (see fig. 1 for location). A and B, Photographs showing vegetation growing on a sand-dominated 
surface. Faint mud cracks are visible in the foreground of A, and small coppice dunes are visible at the base of creosote bushes in B. C, 
Grain-size graph of samples 1-S1 through 1-S9. Sample 1-S1 represents a sand-rich region without creosote-centered coppice dunes or 
evidence of recent water ponding. Sample 1- S2 was collected from a playa-like surface with mud cracks that indicated water ponding. 
Sample 1- S3 was from a coppice dune around a creosote bush (similar to B). Sample 1-S4 was from a playa-like surface with mud cracks. 
Sample 1-S5 was from a sandy, flat area with a large animal burrow. Sample 1-S6 was from a coppice dune around a creosote bush. 
Sample 1-S7 was within faintly wind-rippled sand. Sample 1-S8 was collected at the edge of a creosote-centered coppice dune surrounded 
by faintly wind-rippled sand. Sample 1-S9 was from a large creosote-centered coppice dune.
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Figure 13.  U.S. Geological Survey photographs of the land surface in polygon 2 (near the weather station) taken on February 5, 2019, and 
grain-size graph of samples collected from polygon 2 in February 2019 (see fig. 1 for location). A, Photograph showing sparsely vegetated and 
wind-rippled sand (facing southeast, showing the Mule Mountains in the background). B, Photograph showing sparsely vegetated, wind-rippled 
sand in polygon 2, facing south, with the western part of the Mule Mountains in the background. C, Grain-size graph of samples 2-S1 through 
2-S8. Sample 2-S1 was collected at the weather station. Sample 2-S2 was collected from an aeolian lag deposit immediately west of the weather 
station. Sample 2-S3 was from a bare sand patch measuring approximately 30 square meters Sample 2-S4 was collected from a sandy, creosote-
centered mound. Sample 2-S5 was from a wind-rippled surface approximately 5 m west of a small active dune. Sample 2-S6 was within an 
interdune lag deposit. Sample 2-S7 was within wind-rippled sand. Sample 2-S8 was within wind-rippled sand.
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from rippled surfaces on the dunes, but the dune morphology was 
not well developed. During most site visits geomorphic wind-
direction indicators were not well developed, although we did 
observe small sand shadows (5 cm high or less) in February 2019 
indicating recent sand transport toward the northeast. A notable 
exception was the presence of prominent south-pointing sand 
shadows shortly after the strong northwesterly wind event in late 
October 2019 (fig. 9). These features, some as tall as 40 cm and 
more than 1 m long, were observed on November 13, 2019, but 
were no longer present in March 2020 after being presumably 
erased by the more common southwesterly winds. Local deflation 
and inflation occurred at the weather station; we observed that the 
rebar rods supporting the tripod feet were exposed and reburied 
by aeolian sand, indicating bed-elevation changes of 10–20 cm 
over time scales of months. Minor coppice-dune accumulation 
was noted around some of the larger creosote bushes in polygon  2. 
Other geomorphic indicators of long-term deflation or inflation 
were not observed in polygon 2. Eight sediment samples analyzed 
from polygon 2 consisted of well-sorted fine to medium sand; 
sample 2-S6, an interdune lag deposit, contained some coarser 
material (fig. 13C). Given the dominant wind direction (southwest 
to northeast) and the tendency for ephemeral stream channels to 
supply aeolian sand to locations downwind (for example, Clarke 
and Rendell, 1998), we inferred that the area of polygon 2 likely 
receives windblown sediment supply from Wiley Well wash 
and its depocenter. Animal burrows are common in polygon  2, 
including some greater than 10 cm in diameter. Vegetation 
includes sparse creosote, abundant sand verbena, Plantago ovata 
(desert plantain), and exotic Sahara mustard and Russian thistle. 

Polygon 3 is located east of polygon 2 and farther downwind 
from Wiley Well wash, the largest nearby source of fluvially 
derived sediment (fig. 1). We inferred that sediment is removed 
from the wash by wind and reaches the sand sheet to the east by 
aeolian transport; however, less sand would reach the location 
of polygon 3 than polygon 2. The land surface of polygon 3 
(elevation 125 m) has little geomorphic variation and exposes fine 
to medium gravel (fig. 14). Gravel clasts on this surface consist 
of predominantly metamorphic material interpreted as a distal 
deposit of an alluvial fan from the Mule Mountains and a minor 
component of well-rounded chert clasts. Sediment immediately 
below the surface was substantially finer-grained (fig. 14B). We 
interpreted the surface to reflect a combination of aeolian and 
alluvial deposition that was modified by wind into a lag deposit. 
Coppice dunes were present around creosote bushes (finer material 
than the gravel lag; fig. 14C). Given its position farther east of 
Wiley Well wash and the lack of wind-rippled sand surfaces in 
polygon 3, we interpreted polygon 3 to be an area with less aeolian 
sediment supply than polygon 2. Vegetation in polygon 3 included 
creosote bushes and low-lying forbs and grasses. 

Polygon 4 is south-southeast of polygon 3, on the northeast 
side of the Mule Mountains at elevation 115 m, and is not near any 
obvious source of abundant aeolian sediment supply (fig. 1C). The 
landscape at polygon 4 resembles that of polygon 3 in being a flat, 
uniform exposure of gravel and sand and consisting of low-relief, 
creosote-centered coppice dunes (fig. 15A). Similar to polygon  3, 
fine to medium gravel at the surface in polygon 4 indicates a 

lag deposit formed by wind reworking of material deposited by 
alluvial fan activity and by aeolian deposition. Occasional small 
exposures of faintly wind-rippled sand were present (fig. 15B). 
The dominant particle size in all samples was fine to medium 
sand, with gravel also present in the lag deposit (samples 4-S2 and 
4-S4; fig. 15C). Clasts in the lag surface included many well-
rounded chert pebbles. Vegetation in polygon 4 included creosote, 
burrobush, and annual forbs. Animal burrows were noted, a 
burrowing owl was seen in the southern part of the polygon in 
March 2020, and coyote tracks were present in 2019. 

Polygon 5 is due south of polygon 4 and east of the Mule 
Mountains, on the distal part of an alluvial fan at elevation 
115–118 m (fig. 1C). The land surface within polygon 5 slopes 
gently eastward. In addition to the alluvial fan gravel, some 
exposures of sand were present in February 2019 (fig. 16A), 
including within a small, low-relief alluvial channel in which 
cut banks indicated flowing water in the recent past (fig. 16B). 
Most of the landscape in polygon 5 consists of a gravelly lag 
deposit (including sample 5-S1; fig. 16C), although the sandy 
areas are composed of fine to medium sand (such as sample 
5-S2). The polygon 5 landscape is sparsely vegetated by 
creosote, galleta grass, desert plantain, and nonnative Schismus 
sp. (Mediterranean grass). Low-relief, sandy coppice deposits 
are present around some of the creosote bushes.

Polygon 6 and Wiley Well wash lie west of the Mule 
Mountains (figs. 1, 17, 18) and represent a linked fluvial and 
aeolian sedimentary system. The elevation in the area in and 
around polygon 7 ranges from 162 m in the channel of Wiley 
Well wash to 320 m at the top of a large aeolian sand ramp on 
the western side of the Mule Mountains (fig. 1C). The dominant 
southeasterly wind direction and the relative positions of the wash 
channel and sand ramp imply that sediment forming the sand ramp 
is derived primarily from Wiley Well wash. Our characterization 
of this area included collecting sediment samples and geomorphic 
observations from several channels within Wiley Well wash, 
from polygon 6, and from the western end of the sand ramp. The 
wash channels contain particle sizes ranging from fine sand to 
cobbles, and the finer deposits contain sedimentary structures 
including subaqueous ripples and 20-cm-high subaqueous dunes 
(fig. 18). East of the wash, the terrain in polygon 6 comprises the 
distal part of an alluvial fan and overlying aeolian sand. Surface 
morphology showed characteristics of aeolian and alluvial-fan 
sediment transport (wind-rippled sand patches and shallow 
channels containing subaqueous ripples, respectively; fig. 17A,  B) 
and included areas of well-sorted fine to medium aeolian sand 
(fig. 17C, samples 6-S4 and 6-S5). In addition to the sand ramp 
receiving windblown sediment from Wiley Well wash, it is likely 
that sediment recycling would occur there as some of the fine 
material that alluvial streamflow transports downslope (westward) 
would be moved back upslope (eastward) by wind—processes 
also documented in other drylands (for example, East and others, 
2015). Occasional exposures of wind-rippled aeolian sand 
were present along with small sand shadows whose orientation 
indicated recent southeastward transport (toward 150–175 degrees, 
as of February 2019). Sand has accumulated as coppice dunes 
around some of the creosote and smaller shrubs. The fluvial 
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Figure 14.  U.S. Geological Survey photographs of the land surface in polygon 3 (taken February 6, 2019) and grain-size graph of samples 
collected from polygon 3 in February 2019 (see fig.1C for location). A, Photograph showing the flat, sparsely vegetated land surface in 
polygon 3; the surface consists of a sand and gravel lag deposit. B, Photograph showing that sediment immediately below the surface 
(exposed by shallow excavation with the trowel shown) is finer-grained than the winnowed, gravelly lag deposit at the surface. C, Grain-
size graph of samples 3-S1 and 3-S2. Sample 3-S1 was collected from an aeolian lag deposit. Finer sediment than that of Sample 3-S1 
was observed below the land surface, as shown in B. Sample 3-S2 (analyzed twice in the laboratory as a duplicate for instrument quality 
control) was collected from a sandy, creosote-centered mound.
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Figure 15.  U.S. Geological survey photographs of the land surface in polygon 4 (taken February 6, 2019) and grain-size graph of 
samples collected from polygon 4 in February 2019 (see fig. 1C for location). A, Photograph showing creosote-centered coppice dunes 
surrounded by a gravelly lag deposit on the land surface in polygon 4. B, Photograph showing a patch of wind-rippled sand surrounded 
by vegetation. C, Grain-size graph of samples 4-S1 through 4-S4. Sample 4-S1 was collected from an aeolian lag deposit on the land 
surface. Sample 4-S2 was also from a lag deposit, which included some well-rounded chert pebbles. Sample 4-S3 was collected from a 
small, sandy, low-relief mound at the base of a dead creosote bush. Sample 4-S4 was collected from the surface lag deposit.
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Figure 16.  U.S. Geological Survey photographs of the land surface in polygon 5 (taken February 6, 2019) and grain-size graph of 
samples collected from polygon 5 in February 2019 (see fig. 1C for location). A, Photograph showing the sparsely vegetated alluvial fan 
surface, sloping up toward the Mule Mountains in this west-facing view. B, Photograph showing a low-relief cut bank at the edge of 
an alluvial channel indicates recent streamflow on the surface of the alluvial fan, although the sedimentary bedforms at the right of 
the image appear to have been formed by wind reworking the alluvial sand. C, Grain-size graph of samples 5-S1 and 5-S2. Sample 5-S1 
was collected from a lag deposit on a distal alluvial-fan surface. Sample 5-S2 was collected from a low-relief, sandy mound on which 
galleta grass, creosote, and small forbs were growing. 
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Figure 17.  U.S. Geological Survey photographs of the land surface in polygon 6 (taken February 6, 2019) and grain-size graph of samples collected 
from polygon 6 in February 2019. A, Photograph showing the surface of the alluvial fan draining the western Mule Mountains (view facing east); a 
shallow (dry) alluvial channel is present in the center of the photograph, flowing toward the photographer. B, Photograph showing a patch of wind-
rippled sand (light-colored sediment in the foreground and middle of the image) situated in the lee of a shrub atop the alluvial fan surface in polygon  6 
(view facing southwest, aligned with the recent wind direction inferred from the wind-ripple orientations). Coarser-grained alluvial-fan sediment 
is visible in the background, behind the wind-rippled sand. C, Grain-size graph of samples 6-S1 through 6-S5. Samples 6-S1, 6-S2, and 6-S3 were 
collected within the dry, ephemeral stream channel of Wiley Well wash (see fig. 18 for photographs). Sample 6-S4 represents a wind-rippled sand 
deposit atop a distal alluvial-fan surface east of Wiley Well wash. Sample 6-S5 was collected within a sand shadow in the lee of vegetation shown in 
B; the sand shadow orientation indicated sand flux toward 163 degrees azimuth (toward south-southeast, indicating wind from the north-northwest).
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material in the Wiley Well wash channels was coarse and poorly 
sorted (samples 6-S1, 6-S2, and 6-S3; fig. 17C). Vegetation in 
polygon 6 includes creosote, galleta, burrobush, occasional sand 
verbena, and an unidentified Asteraceae species. Animal burrows 
were observed in polygon 6, the largest being approximately 20 
cm wide and 30 cm tall. 

Polygon 7 features an active aeolian dune field that covers 
approximately 2 km2 at elevation 134–139 m. The dunes 
apparently formed as a result of abundant aeolian sediment 
supply derived from the Wiley Well wash depocenter—the 
dune field is within the distal, northeastern part of this large 
depocenter (fig. 1C). Some sediment supply may also come 
from an unnamed, south-flowing ephemeral wash that drains 
the McCoy Mountains; the dune field occurs just north of 
where the north-flowing Wiley Well wash and the south-
flowing ephemeral stream distributaries meet. The dune field 
includes dozens of dunes 1–3 m high, most with barchanoid 
morphology, that interact with very sparse vegetation (fig. 19). 
Some dunes display sinuous rather than barchanoid planform. 
Dune activity is evident from well-developed slip faces and 
sand shadows, and from dune slip faces partially burying 
living trees. The orientations of dune slip faces observed in 
February and November 2019 faced generally east, indicating 
eastward migration; slip-face orientations ranged from 59 to 128 
degrees. Sand shadows observed in February 2019 indicated 
recent sand transport toward the east—sand shadows then were 
oriented toward 70–121 degrees. In November 2019, two weeks 
after the major northwesterly wind event of October 30–31, 
sand shadows in polygon 7 were oriented toward the south, 
although the much larger slip faces of dunes were still oriented 

Figure 18.  U.S. Geological Survey photographs of  the ephemeral stream channel Wiley Well wash, at the location immediately west of 
polygon 6, facing upstream (south), taken February 6, 2019. Both photographs show sand and gravel deposits in the ephemeral stream 
channel that have sedimentary structures (subaqueous ripples and dunes) characteristic of deposition by flowing water. Bed sediment 
consists of a range of grain sizes from sand to gravel. The recently active stream channel is approximately 20 m across at the location of A 
and 5 m across at the location of B. 
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eastward. The dunes commonly contained superimposed 
smaller bedforms on their stoss (upwind) surfaces. Interdune 
lag deposits contain metamorphic gravel clasts and, locally, 
mud-cracked fine sediment indicating the occasional presence 
of standing water. The east edge of the dune field is defined by 
the unnamed stream channel draining south from the McCoy 
Mountains. Dunes migrate eastward as far as the wash but 
not across it, which indicates that the dune sand is recycled 
into fluvial sediment when the wash flows. Episodic flow is 
expected to continue preventing the dunes from migrating 
across the wash entirely. The relative positions of washes 
and dunes in polygon 7 shows the interacting, cycling nature 
of aeolian and fluvial and (or) alluvial sediment transport in 
driving geomorphic evolution in this dryland setting. Grain-size 
analyses from the polygon 7 dune field show the dune sand 
(samples 7-S1 and 7-S3) to be mostly well-sorted medium 
sand, whereas interdune lag deposits (samples 7-S2 and 7-S4) 
are coarser and more poorly sorted, as is common for interdune 
deposits (fig. 19C). Animal burrows are present in the dune 
field, and some are as large as 10 cm across. Vegetation in 
polygon 7 consists of occasional creosote bushes, Parkinsonia 
florida (blue palo verde trees), sand verbena, Sahara mustard, 
and other small forbs and grasses.

Polygon 8 is located on the northwestern side of the Mule 
Mountains (fig. 1), at elevation 142–164 m, in an alluvial fan 
dissected by channel incision. The alluvial fan deposits in this 
region contain poorly sorted sediment (sand to cobble sized; 
fig. 20A). Alluvial fan material is overlain in many places 
by patches of well-sorted fine to medium sand (figs. 20B, 
C), some of which cover more than 100 square meters (m2). 
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Figure 19.  U.S. Geological Survey photographs of the land surface in polygon 7 (taken February 7, 2019) and grain-size graph of 
samples collected from polygon 7 in February 2019. A and B, Photographs show active aeolian dunes with wind-rippled surfaces; sparse 
vegetation is visible in the interdune area at the left side of B. C, Grain-size graph of samples 7-S1 through 7-S4. Sample 7-S1 was 
collected from an active dune surface consisting of mostly unvegetated dunes, commonly more than 2 meters high, with barchanoid 
morphology. Sample 7-S2 represents an interdune lag deposit. Sample 7-S3 was collected from an active dune surface within a large 
expanse of unvegetated sand. Sample 7-S4 was collected from an interdune deposit.men21-7508_fig 19
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Figure 20.  U.S. Geological Survey photographs of the land surface in polygon 8 (taken February 6, 2019) and grain-size graph of 
samples collected from polygon 8 in February 2019. A and B, Photographs  show a distal alluvial fan surface dissected by channels; 
the Mule Mountains are visible farther south in the background. B, Photograph shows a ridge between wide alluvial channels features 
a veneer of aeolian sand. C, Grain-size graph of samples 8-S1 and 8-S2. Sample 8-S1 was collected from an aeolian sand deposit that 
formed a veneer on the downwind (generally eastern) side of ridges within a dissected alluvial fan. C, Sample 8-S2 was from a desert 
pavement surface on the distal portion of a dissected alluvial fan. 
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Wind ripples were noted on the sand patches. Digging 10 cm 
beneath the surface by hand exposed interbedded medium sand 
and coarser alluvial fan gravel, as well as some gypsum. In 
small, localized areas, we observed mud cracks that indicated 
the former presence of standing water and its subsequent 
evaporation, which is consistent with the formation of gypsum 
deposits—commonly an evaporite mineral. Locally, aeolian 
sand is thick enough to form small, low-relief dunes, but the 
dominant, landscape-forming process at polygon 8 and its 
surrounding area is alluvial fan activity. Some desert pavement 
development is apparent on the higher-elevation portions of 
the distal alluvial fan. Vegetation in polygon 8 includes sand 
verbena growing on the aeolian sand deposits, creosote, Sahara 
mustard, desert plantain, an unidentified aster, and other small 
forbs and shrubs. We also observed animal burrows as large as 
10–15 cm in diameter. 

In addition to the eight polygons described above, the 
southeastern part of the Palen dune field (fig. 1) was visited 
in February 2019. This large dune field (more than 35 km2) 
contains many barchanoid dunes, sourced by sediment from 
the ephemeral Palen Lake (fig. 1A). A recent remote-sensing 
analysis determined that the dunes have been migrating 
southeast at rates of 50 m/yr (Potter and Weigand, 2016). 
Between 1984 and 2011, the areal extent of active dunes in the 
Palen dune field increased by 60 percent, and vegetation cover 
decreased by approximately 30 percent (Potter and Weigand, 
2016). The active dunes that we observed in February 2019, 
just southwest of the Palen Mountains at elevation 127 
m, had slip faces indicating southeastward migration (slip 
faces were oriented toward 97–156 degrees). Sand shadows 
were also oriented toward the southeast. Active, rapid dune 
migration was evident on the ground as dunes could be seen 
burying living trees to depths of a meter or more. Grain size 
on the three dune samples we collected was dominantly fine 
to medium sand, and a fourth sample, from an interdune 
deposit, consisted mostly of very fine sand (fig. 21C). Sparse 
vegetation in the southeastern portion of the Palen dune field 
includes Sahara mustard, Russian thistle, creosote and blue 
palo verde trees. 

Stratigraphy and Luminescence Dating

Findings from subsurface excavations in March 2020 are 
described in this subsection; the results from pits 1, 2, 3, 202, and 
4 (locations on fig. 1C) are presented in order from northwest 
to southeast. Five stratigraphic columns are compiled in fig. 22, 
and details are shown for individual pits in figures 23–27. Ages 
determined by luminescence dating are summarized in table 3. 

Pit 1 was excavated by backhoe into an already exposed 
cutbank in a dry wash north of Interstate 10 (elevation 132 m). 
The alluvial cutbank was 135 cm high and the pit was dug to 
120 cm below the stream bed, for a total exposed sediment 
depth of 255 cm. The land surface around the alluvial channel 
consisted of distal alluvial fan deposits (sand and gravel), 
was sparsely vegetated with creosote, and appeared to have 

incipient desert-pavement development. The fan surface 
included multiple entrenched alluvial channels that had some 
channel braiding within washes and visible subaqueous 
sedimentary structures, such as ripples, indicating recent 
surface-water flow. Most of the alluvial sediment in the wash 
was finer than 32 mm, as measured with a gravelometer. 
The wash in which pit 1 was excavated trends northeast to 
southwest at 30 degrees. 

The upper 55 cm of pit 1 strata consisted of siliciclastic 
sand and gravel that constitute three units. The uppermost unit 
was unconsolidated sand, was 10YR 6/4 on the Munsell soil 
color chart, and extended from the surface to 29 cm depth. 
Within this unit, a pedogenic A horizon was defined between 
0 and 20 cm. Below the A horizon, the remainder of the 
section was classified as a Btk horizon on the basis of clay and 
carbonate content, with color 7.5YR 5/4 to 5YR 4/4. Within 
the uppermost unit, sample IRSL-1 (collected at a depth of 
20 cm) yielded a date best estimated at 1.82 ± 0.13 ka. This 
sample was located high enough in the section that sediment 
could be affected by soil-forming and mixing processes. The 
migration of sand particles from the surface by illuviation or 
bioturbation could bring particles more recently exposed to 
sunlight to lower depths, lowering the average luminescence 
age of individual sand grains at depth. The net effect on our 
multigrain luminescence dating method would be to lower 
the apparent depositional age of a given sample. To minimize 
these possible effects for IRSL-1, we used a coarse grain 
size (180–250 μm sand grains) assuming these would be less 
mobile than finer grains. We also used very small aliquots 
(about 10–20 grains per disc) to minimize the averaging effect 
of infiltrated grains on multigrain measurements. Finally, we 
applied the maximum age model of Galbraith and Roberts 
(2012), a statistical method that biases the age calculation 
toward grains with a greater luminescence and thus higher age. 
This model is often used in this context of mixed materials 
to avoid infiltrated grains (Galbraith and Roberts, 2012). 
Application of the maximum age model is justified by the 
proximity of IRSL-1 to the surface, the presence of sparse 
roots, and the lack of clear sedimentary structures in the unit, 
which were interpreted to indicate some mixing in the upper 
layer. The use of these methods should minimize any effect of 
mixing or infiltration. Application of the maximum age model, 
as opposed to the CAM used for the rest of the samples, 
results in an age of 1.82 ± 0.13 ka for sample IRSL-1. This 
value is just outside of the uncertainty from the CAM age of 
1.56 ± 0.10 ka. The similarity in ages suggests that any mixing 
effect may not be large compared to the true depositional age. 
Although we interpret the maximum age model age as a fairly 
good approximation of the true depositional age, we cannot 
discount that the entire deposit may have been mixed, such 
that all the grains have a young age compared to the age from 
primary deposition. In such a scenario, it is debatable if such 
intense mixing may be considered a post-depositional process 
instead of a primary depositional one. However, the arid 
climate and sparse vegetation of pit 1 may make such intense 
mixing unlikely.
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Figure 21.  U.S. Geological Survey photographs of the land surface in the southeast side of the Palen dune field (see fig. 1B for 
location), and grain-size graph of samples collected from the southeastern part of the Palen dune field in February 2019. A and B, 
Photographs were taken on February 6, 2019, and show active aeolian dunes with wind-rippled surfaces, and sparse vegetation in the 
background of each image. In the background of A, dunes can be seen burying living trees (view is facing southwest in A, west in B). C, 
Grain-size graph of samples Palen-S1 through Palen-S4.Samples Palen-S1, Palen-S2, and Palen-S4 (also run as a laboratory duplicate, 
for quality control) were taken from the surface of active, mostly unvegetated aeolian dunes with barchanoid morphology. Sample 
Palen-S3 was collected from an interdune lag deposit. 
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A coarse, gravel-dominated unit extended below a diffuse 
contact at 29 cm to a depth of 35 cm, and farther below, a 
unit of gravelly sand extended 35–55 cm depth, from which 
sample IRSL-2 (at 45 cm) provided an age of 15.2 ± 1.1 ka (late 
Pleistocene). Weak stratification was apparent within the three 
uppermost units, consisting of faint crossbedding and gravel 
lenses. On the basis of these features, we inferred repeated 
deposition of sand and gravel, which is consistent with an alluvial 
setting. At 55 cm depth a prominent, sharp unconformity was 
apparent (fig. 23). Below the unconformity, the remainder of the 
sediment (down to the base at 255 cm depth) was substantially 
finer than the overlying units and showed slight upward 
coarsening, but generally was massive with little or no distinct 
bedding. Particularly below 110 cm, the massive lower unit was 
observed to be very dense and dominated by clay and silt. Near 
the base, sample 1-8 (from 240 cm depth) contained 25 percent 
silt and clay (fig. 23D). Nested gypsum crystals and soft carbonate 
masses (both occurring commonly larger than 1 cm across) were 
present throughout the deposit below the unconformity (fig. 23C). 
Streaks of gypsum and carbonate became more abundant deeper 
in this massive, fine-grained unit. Two Pleistocene IRSL ages 
indicated that the massive, fine unit contained much older material 
than above the unconformity. Sample IRSL-3 (70 cm depth) was 
dated to 226 ± 11.4 ka, and sample IRSL-4 (145 cm depth) was 
dated to 266 ± 15.4 ka. Sediment below 145 cm was considered 
too fine-grained for IRSL dating to be feasible. We note that the 
pIRIRSL protocol that we developed in this study was neither 
designed nor tested for samples as old as these. Therefore, it is 

Sample 
name

Pit 
number

Latitude Longitude

Depth 
below 

surface 
(cm)

Age (ka)

IRSL-1 1 33.612 −114.898 20 1.82 ± 0.13
IRSL-2 1 33.612 −114.898 45 15.2 ± 1.1
IRSL-3 1 33.612 −114.898 70 226 ± 11.4
IRSL-4 1 33.612 −114.898 145 266 ± 15.4
IRSL-5 2 33.587 −114.834 55 0.31 ± 0.0
IRSL-6 2 33.587 −114.834 65 2.20 ± 0.2
IRSL-7 202 33.557 −114.778 70 11.2 ± 0.9
IRSL-8 202 33.557 −114.778 180 22.2 ± 0.9
IRSL-9 3 33.586 −114.823 72 4.35 ± 0.4
IRSL-10 3 33.586 −114.823 85 20.1 ± 2.7
IRSL-11 3 33.586 −114.823 140 21.2 ± 1.6
IRSL-12 4 33.546 −114.752 80 24.4 ± 1.4

Table 3.  Sediment-sample ages determined by infrared-stimulated 
luminescence (IRSL) dating. 

[Pits are listed in order from northwest to southeast. Abbreviations: cm, centimeter; 
ka, thousand years ago]

Figure 23.  Stratigraphic column, U.S. Geological Survey photographs (taken March 16, 2020), and grain-size graph showing data collected from 
pit 1, excavated in March 2020. A, Stratigraphic column showing relative grain size (width of column) of sediment observed and depths of sediment 
samples 1-1 through 1-8, and for four post infrared infrared-stimulated luminescence (pIRIRSL) samples. Ages are indicated to the right of 
pIRIRSL sample labels and shown in table 3. B, Photograph showing the upper 1.5 m of pit 1. The measuring tape reel at right is resting on a distal 
alluvial fan surface incised by a dry stream channel whose cutbank was used as part of the pit 1 stratigraphic column. C, Photograph showing a 
representative example of the carbonate- and gypsum-bearing, mud-rich deposit about 2 meters deep in pit 1. D, Graph of grain-size distribution 
for samples from pit 1. Samples 1-1, 1-2, and 1-3 contain sand and gravel from the upper half-meter of the deposit. Samples 1-4 through 1-8 were 
collected from finer-grained Pleistocene material below an unconformity at 55 cm, interpreted as likely lake-bed (playa) deposits. 

possible that these represent minimum ages, depending on how 
the feldspar pIRIRSL technique behaves using the higher doses 
associated with these ages. However, exploring the effectiveness 
of this protocol is beyond the scope of the present study.

The lower material in pit 1 (below the unconformity 
at 55 cm depth) was interpreted to represent a Pleistocene 
lake bed that formed a playa deposit, judging from the fine 
grain sizes and evaporite mineralization, or perhaps part of 
a Pleistocene floodplain deposit of the Colorado River. The 
local sediment accumulation rate in that playa environment 
is estimated to have been 0.002 cm/yr, based on the 75-cm 
vertical distance between samples IRSL-3 and IRSL-4, 
and with no hiatus evident within the playa deposition. If 
that deposition rate were maintained through the rest of the 
playa sediment accumulation (from 70 cm depth up to the 
unconformity at 55 cm), then the uppermost lacustrine and 
(or) playa sediment presumably would represent an age 
of around 218 ka. Therefore, the unconformity at 55 cm 
possibly spans almost 100 thousand years (k.y.) of missing 
time, before the sedimentary record at this location resumed 
with sand and gravel accumulation in late Pleistocene time. 
Sediment above 55 cm depth is interpreted as distal alluvial 
fan deposits, possibly accompanied by minor accumulation of 
aeolian sediment. The accumulation of the uppermost 55 cm 
presumably occurred episodically; minor hiatuses formed from 
fan channels that scoured and deposited material and avulsed 
and abandoned drainage paths. We calculate an accumulation 
rate of 0.013 cm/yr for the uppermost (alluvial) sediment in 
pit 1 (that is, 20 cm accumulating above the depth of sample 
IRSL-1 in the last 1,560 years), apparently an order of 
magnitude faster than during the Pleistocene lacustrine phase.

Pit 2 was excavated with a backhoe into the sparsely 
vegetated sand sheet in the northwestern part of polygon 2 
at elevation 135 m (figs. 1B, 24). The surface material at that 
site primarily consists of loose sand, which was commonly 
wind-rippled and formed occasional dunes 10–40 cm high. 
Small coppice dunes were also observed around shrubs. Patchy 
exposures of sand and gravel 1 to 3 m2 were present near the 
excavation site and were inferred to be aeolian lag deposits. 
Gravel clasts in those surface lag exposures included well-rounded 
siliciclastic pebbles of sandstone, quartzite, chert, and possibly 
other lithologies. We did not observe any surface exposures 
indicating recent water-borne sediment transport near pit 2. 

The excavation of pit 2 reached a depth of 200 cm. The 
uppermost unit (fig. 24D), a C horizon with color classified 
as 10YR 6/4, consisted of well-sorted fine to medium sand 
(samples 2-1 and 2-2; fig. 24E) that formed faint laminations 
dipping toward the east. Laminations had the appearance and 
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Figure 24.  Stratigraphic column, U.S. Geological Survey 
photographs, and grain-size graph showing data collected from pit 2, 
excavated in March 2020. A, Stratigraphic column showing relative 
grain size (width of column) of sediment observed and depths of 
sediment samples 2-1 through 2-5, and two post-infrared infrared-
stimulated luminescence (pIRIRSL) samples. Ages are indicated to the 
right of pIRIRSL sample labels and shown in table 3. B, Photograph 
showing landscape context of pit 2, within polygon 2. C, Photograph 
showing calcium-carbonate rich material (white nodules) in pit 2, 
spanning 90–115 cm depth. D, Photograph of uppermost 85–90 cm of 
pit 2. Red arrows point to an unconformity at 60 cm depth. E, Graph 
of grain-size distribution for samples from pit 2. Samples 2-1 and 2-2 
were collected from fine- to medium-grained sand in the upper unit, 
in which aeolian sedimentary structures were present. Sample 2-3 
was from a coarser-grained deposit dated at 2.2 ka (sample IRSL-6). 
Samples 2-4 and 2-5 were from poorly sorted deposits 100 and 180 cm 
below the surface, respectively.
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scale of aeolian sedimentary structures, and so this uppermost 
unit was interpreted as a dune foreset deposit (see, for example, 
Rubin and Hunter, 1982; Rubin and Hunter, 1987). The lower 
contact of this unit also dipped slightly toward the east, such that 
its depth ranged from 50 to 70 cm within the pit (contact shown 
at 60 cm in fig. 24A). Sample IRSL-5, collected at 55 cm depth 
in the uppermost sand deposit, yielded an age of 0.31 ± 0.0 ka. 
Below the inferred aeolian dune foreset sand, a massive, slightly 
coarser, but still sand-dominated unit extended from about 60 
to 90 cm depth. This layer, a 10YR 6/4 Bk horizon, was slightly 
indurated, poorly sorted, and contained siliciclastic gravel in 
addition to sand. Many of the gravel particles had carbonate 
precipitate adhering to their downward-facing surfaces (field 
tested with weak acid). Sample IRSL-6, at a depth of 65 cm 
in this sand-dominated unit, returned an age of 2.20 ± 0.2 ka. 
Therefore, the contact between the uppermost aeolian dune sand 
and the underlying, more indurated sand and gravel (marked 
with red arrows in fig. 24D) evidently is an unconformity 
spanning approximately 2,000 years. 

The upper contact (about 90 cm depth) of the lowermost 
unit in pit 2 was poorly defined. The material below this contact 
(to 200 cm depth) was composed of massive, well-indurated, 
poorly sorted sand and gravel; this interval was defined as a 
Bk horizon consisting of pervasive, well-cemented carbonate 
development (fig. 24C). Carbonate distribution resembled that 
of a stage I or II carbonate soil, consistent with the abundant 
carbonate mineralization observed by Everett and others (2013) 
in the lower units of their borehole in eastern Chuckwalla Valley 
near the location of pit 2. No pIRIRSL date was obtained from 
this lowermost unit at pit 2 because the degree of induration 
precluded driving the steel collection tube into the wall of the pit. 
Furthermore, the presence of abundant pedogenic carbonate in 
the lower part of pit 2 suggested that dose-rate changes over time 
could preclude accurate luminescence dating. Siliciclastic particles 
in the lowermost unit consisted of several lithologies, including 
quartzite, and some clasts seemed to have desert varnish on their 
surfaces. Sizes of clasts at different depths in pit 2 were as large 
as 32 mm, measured with a gravelometer in the field (samples 
collected for later sieving included only material 8 mm and finer; 
fig. 24E). Well-rounded siliciclastic pebbles of similar lithologies 
to those in the pit are present in nearby surface lag deposits. These 
resemble clasts in the ancestral Colorado River deposits of Palo 
Verde Mesa (which we visited in outcrops both north and south of 
Interstate 10) or those reported to be exposed in the river gravels 
of unit QTmm on the northwestern side of the Mule Mountains 
(Stone, 2006).

We interpret the lower part of the depositional sequence 
at pit 2 to represent an older phase of alluvial deposition 
(of undetermined age) that probably interacted with aeolian 
sediment accumulation. These modes of sediment transport 
and deposition may have combined to produce the material 
below 60 cm depth in this location, although interbedding of 
fluvial and aeolian deposits is not clearly apparent; it is possible 
that original sedimentary structures characteristic of aeolian 
or fluvial deposition (for example, Draut and others, 2008) 
have been obscured by pedogenic carbonate precipitation. 

The alluvial activity is evidenced by the common occurrence 
of well-rounded gravel below 60 cm depth at this site. This 
material may have been deposited directly by a former channel 
or floodplain of the Colorado River or, alternatively, by alluvial 
fan activity originating on the northern flanks of the Mule 
Mountains that reworked older Colorado River (unit QTmm 
of Stone, 2006) gravels. Both means of delivering alluvial 
sand and gravel to the pit 2 location seem plausible, and 
distinguishing between them is difficult because Colorado River 
paleocourses have not been dated geochronometrically in this 
immediate field area.

Local sediment accumulation at the pit 2 site appears to 
have been entirely aeolian after approximately 2 ka. Aeolian dune 
foreset bedding advanced over this area, likely migrating eastward 
given the eastward dip of laminations and of the unconformity 
bracketed by samples IRSL-5 and IRSL-6 (fig. 24). The most 
recent deposit, from 60 cm depth to the modern surface, occurred 
fairly rapidly at an average rate of 0.18 cm/yr (55 cm of sand 
accumulating in 0.31 k.y.). Instead of accumulating continuously 
at this rate, the entire upper unit (60 cm) probably accumulated 
much more rapidly, perhaps in one or two years as a dune 
migrated through this location, and thereafter the site experienced 
nondeposition or deposition that was removed later by deflation. 

Pit 3 was excavated with a backhoe to a depth of 190  cm 
at a site 1.1 km east-southeast of pit 2, at elevation 134 m 
(fig.  25; location shown in fig. 1B). The surface morphology 
near pit 3 is similar to that around pit 2 and consists of loose 
sand that is commonly wind-rippled and constitutes small 
aeolian coppice dunes 10–50 cm high (dune morphology was 
not well developed there as of March 2020). Patches of coarse 
sand and gravel, inferred to be aeolian lag deposits, are present 
near pit 3 (fig. 25B)—that is, a winnowed lag deposit formed 
by wind deflation of a mixed alluvial and aeolian deposit. 
Some of the clasts in those surface lag exposures are well-
rounded siliciclastic pebbles, including some that are chert. The 
advanced state of rounding indicates that these gravel clasts had 
been transported long distances by water. Other clasts at the 
surface are subangular to subrounded. 

Sediment exposed in pit 3 consisted mostly of well-sorted 
medium sand and minor amounts of coarse sand, very coarse 
sand, and occasional gravel (fig. 25). The upper unit of pit 3 
extends to about 75 cm depth and was a C horizon composed of 
10YR7/4 unconsolidated, laminated, well-sorted, fine to medium 
sand interpreted as an aeolian deposit. Near the base of this unit, 
at 72  cm depth, sample IRSL-9 yielded an age of 4.35 ± 0.4 ka. 
A gently westward-dipping contact occurred about 75  cm depth. 
Below that contact, pedogenic carbonate indicated a CBk to Bk 
horizon (color 10YR 6/4) throughout the lower part of the section 
(from 75 to 190 cm depth). No other contacts were observed 
below 75 cm depth. The weakly indurated lower unit was 
massive, showed no apparent bedding or sedimentary structures, 
and was composed mostly of sand but contained sparse lithic 
fine gravel (one clast was 16 mm and the rest were finer). No 
sorting was apparent in the lower unit. Pedogenic carbonate was 
commonly observed within the lower unit as nodules that could 
be disaggregated by hand; and linear, subhorizontal carbonate 
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Figure 25.  Stratigraphic column, U.S. Geological 
Survey photographs, and grain-size graph showing 
data collected from pit 3, excavated March 17, 2020. 
A, Stratigraphic column showing relative grain size 
(width of column) of sediment observed and depths of 
sediment samples 3-1 through 3-6, and for three post-
infrared infrared-stimulated luminescence (pIRIRSL) 
samples. Ages are indicated to the right of pIRIRSL 
sample labels and shown in table 3. B, Photograph 
showing lag deposit on the surface approximately  
10 meters away from pit 3. Well-rounded pebbles are 
visible, some of which are chert. C, Photograph of the 
upper 60 centimeters of pit 3, interpreted as a likely 
aeolian deposit. D, Graph of grain-size distribution for 
samples from pit 3. All samples were predominantly 
well-sorted fine to medium sand.
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threads, and irregularly shaped discontinuous carbonate masses 
were present at about 185  cm depth. From a depth of 85 cm 
(10  cm below the contact), sample IRSL-10 gave a date of 20.1 ± 
2.7 ka. From a depth of 140 cm, sample IRSL-11 gave a date of 
21.2 ± 1.6 ka. Thus, the two Pleistocene dates from the lower unit 
of pit 3 overlap within the analytical uncertainty range, and both 
were substantially older than the upper unit. 

We considered the depositional environment in the lower 
part of pit 3 (75–190 cm depth) to be most likely alluvial, given 
the rapid accumulation rate implied by the two IRSL dates within 
this unit—55 cm of sediment accumulated with no discernible age 
difference between the lower and upper part of that deposit. The 
presence of well-rounded gravel indicates waterborne transport at 
some time in the past, although no fluvial sedimentary structures, 
bedding, or obvious sorting were seen that would have identified 
unaltered subaqueous deposits there. Similar to pit 2, we noted 
that in pit 3 the lithology and rounding of gravel clasts resembled 
the Pleistocene Colorado River gravels mapped to the east and the 
gravels of unit QTmm (Stone, 2006) flanking the northern Mule 
Mountains due south of pit 3. If gravel clasts did originate as 
Colorado River sediment, it is unclear whether the lower deposit 
at pit 3 is an intact Colorado River deposit or alluvial fan activity 
remobilized older Colorado River material from the QTmm of 
Stone (2006) deposits to the south. The occasional gravel-sized 
clasts within the lower unit of pit 3 were not concentrated into 
the type of gravel lag deposit that we observed on the modern 
interdune lag surfaces formed by wind deflation. We noted that 
the lower portion of pit 3 resembled the lower portion of pit 2 
(90–200 cm depth in pit 2) in terms of sedimentary characteristics, 
although we considered it too indurated to sample for pIRIRSL 
dating and likely to have dose-rate complications owing to the 
abundance of pedogenic carbonate. 

Above the unconformity at 75 cm depth, sediments are 
well sorted and laminated; we interpret that the dominant process 
forming that uppermost unit was aeolian deposition. This unit 
accumulated at a net rate of 0.02 cm/yr over recent millennia, 
based on the date and depth of sample IRSL-9. However, similar 
to our interpretation of the upper unit at pit 2, this topmost unit of 
pit 3 likely represents much faster accumulation owing to local 
dune migration, perhaps followed by subsequent deflation. Given 
the modern surface morphology and sedimentary characteristics, 
the sand sheet around pit 3 is inferred to experience ongoing minor 
aeolian inflation and deflation on the order of 10 cm vertically, 
similar to what we observed around the feet of our weather-station 
tripod, but with no geomorphic evidence of major recent inflation 
or deflation. 

Pit 202 was excavated to a depth of 190 cm in a distal alluvial 
fan surface (elevation 117 m) inset into an older fan surface 
on the northeast side of the Mule Mountains (fig. 26). The fan 
upslope of this site is not one that drains ancestral Colorado River 
material (unit QTmm) from the Mule Mountains but is instead 
a fan (unit Qa3) with inset wash (unit Qw) that drains Jurassic 
volcanic bedrock (Stone, 2006; see fig. 1C). The surface of the fan 
is composed of coarse, subangular to subrounded igneous or low-
grade metamorphic material (fig. 26B). We observed occasional 
well-rounded chert pebbles, but those were rare compared to the 

subangular igneous clasts. The fan morphology at the location 
of pit 202 includes small channels with minor incision (less than 
10  cm). Incipient desert pavement is developed on gentle bar 
and swale topography that has an amplitude of 10–20 cm and 
wavelength of 3–4 m. 

Sediment in pit 202 was poorly sorted, dominated by medium 
sand to gravel (fig. 26). The fan surface has minor desert pavement 
development and overlies a fine-grained, vesicular (Av) horizon 
immediately underneath (fig. 26B). Sediment in pit 202 was 
classified as 10YR 6/4 and 10YR 5/4 CK material that showed 
depositional bedding, but no major contacts. We did not define 
individual units for separate description but noted that individual 
coarser gravel and (or) pebble beds occurred at about 40–45 
and 65–80 cm depths. We did not observe significant pedogenic 
carbonate cement in this pit, and no indurated carbonate clasts 
similar to those in pits 2 and 3 to the northwest were observed. 
Sample IRSL-7, between the two notable gravel beds, returned 
an early Holocene date of 11.2 ± 0.9 ka. Sample IRSL-8, from 
a depth of 180 cm, returned a late Pleistocene age of 22.2 ± 
0.9  ka. We interpreted the deposits in pit 202 to represent alluvial 
fan activity. Minor contribution by aeolian sand deposition is 
possible, but no part of the section contained well-sorted sand or 
sedimentary structures that would have indicated aeolian deposition 
unequivocally. The average sediment accumulation rate between 
the two IRSL samples was calculated to be 0.1 cm/yr (110 cm in  
11 k.y.). The more recent accumulation rate between sample 
IRSL-7 and the modern ground surface was calculated to be 
0.006 cm/yr. Given the variable, episodic, and sometimes extreme 
drylands alluvial fan runoff and sediment delivery, we expect that 
sediment, in fact, accumulates rapidly and rarely at this location. 

Pit 4 was dug by hand into the surface at the southwest side 
of polygon 4 (figs. 1B, 27). The surface morphology consists of a 
flat, uniform exposure of sand and gravel at elevation 115 m and is 
dotted with low-relief coppice dunes. Gravel patches are common 
and are interpreted as a lag deposit formed by wind reworking 
of material emplaced by distal alluvial fan activity and probably 
some aeolian deposition. Some exposures of faintly wind-rippled 
sand are also present. Clasts of the surface lag deposit include 
rounded chert clasts, and some appear similar to the igneous 
or low-grade metamorphic material on the surface by pit 202 
(fig.  27C). Bioturbation was evident on the surface near pit 4 in 
the form of large burrows, which are common in this polygon. A 
burrowing owl was seen approximately 50 m away from the pit 4 
location in March 2020.

Pit 4 was dug to a depth of 90 cm. The exposed material was 
classified as one massive unit that had no apparent bedding. The 
upper 2 cm were classified as an A1 horizon. An A2 horizon was 
identified from 2 to 12 cm depth, and a Ck horizon (indicating 
pedogenic carbonate) for the remainder of the section (12–90  cm 
depth). Color was 7.5YR 6/4 throughout the exposure. The 
sediment was weakly indurated and moderately sorted and was 
dominated by fine to coarse sand but contained some very coarse 
sand and gravel (fig. 27D–F). Some gravel clasts were coarse 
enough that they could not pass through the 22.6 mm gravelometer 
aperture (see grain-size distributions for sieved material in 
fig.  27F). The deposit did not appear to contain sedimentary 
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Figure 26.  Stratigraphic column, U.S. Geological 
Survey photographs taken March 17, 2020, and 
grain-size graph showing data collected from pit 202. 
A, Stratigraphic column showing relative grain size 
(width of column) of sediment observed and depths of 
sediment samples 202-1 through 202-6 and for two post-
infrared infrared-stimulated luminescence (pIRIRSL) 
samples. Ages are indicated to the right of pIRIRSL 
sample labels and shown in table 3. B, Photograph of 
the edge of pit 202 and the surrounding landscape, 
looking south toward the Mule Mountains. The surface 
is a distal alluvial fan deposit. C, Photograph of the 
upper 50 cm of pit 202. A bed of subangular gravel 
clasts at 40–45 cm depth is visible along the lower 
part of the image. D, Graph of grain-size distribution 
for samples 202-1 through 202-6, from pit 202. Most 
samples are poorly sorted, and grain size ranges from 
fine sand to gravel.
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Figure 27.  Stratigraphic column, U.S. Geological Survey 
photographs, and grain-size graph showing data collected 
from pit 4, excavated by hand on March 17, 2020, within 
polygon 4. A, Stratigraphic column showing relative grain 
size (width of column) of sediment observed and depths 
of sediment samples 4-1 through 4-3, and for one post-
infrared infrared-stimulated luminescence (pIRIRSL) 
sample; its age is indicated to the right of its label and 
shown in table 3. B, Photograph of pit 4 and its surrounding 
landscape. C, Photograph of surface lag deposit adjacent 
to pit 4. The surface material includes well rounded 
pebbles, many of which are chert (pen for scale). D, 
Photograph of sand-dominated deposit within pit 4, shown 
from 31 to 52 cm below the surface. E, Photograph of 
sediment 60–80 cm below the surface in pit 4. White areas 
are carbonate material. F, Graph of grain-size distribution 
for samples from pit 4. All three samples (4-1 through 4-3) 
are composed mostly of well sorted fine to medium sand.
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structures, which may have been obscured by bioturbation and 
carbonate precipitation. Aeolian deposition similar to the well-
sorted aeolian sand on the uppermost part of pits 2 and 3 was 
not observed in pit 4. Although concentrated gravel lenses are 
not present in pit 4, the general appearance of material in pit 4 
resembled that of the lower part of pit 202. Sample IRSL-12, from 
a depth of 80 cm, yielded a date of 24.4 ± 1.4 ka. If representing 
a long-term sediment accumulation rate, this would be equivalent 
to 0.003 cm/yr. However, there is no indication of recent sediment 
accumulation at or near pit 4, either in the form of aeolian 
inflation, dune migration, or recent alluvial fan activity. The 
well-developed lag surface and low-relief coppice dunes suggest 
a surface that probably has been relatively stable for centuries or 
longer. We interpreted the dominant sedimentary process at pit 
4 to be aeolian mixed with distal alluvial fan deposition. Little 
alteration of surface morphology occurs there today, aside from 
rare distal alluvial fan deposition and minor reworking of sand into 
the coppice dunes. 

Discussion
The geomorphic and sedimentary records in eastern 

Chuckwalla Valley reflect several hundred thousand years of 
landscape evolution and process interaction. The new stratigraphic 
and geochronologic data presented above demonstrate the varying 
local significance of aeolian, alluvial fan, lacustrine (playa), and 
possible Colorado River influence over a range of time scales. 
The pit 1 excavation, north of Interstate 10, revealed Pleistocene 
playa deposits (266–226 ka), overlain unconformably by alluvial 
fan strata (late Pleistocene to Holocene) with probably minor 
aeolian sediment contribution. The four sites we excavated in 
the central part of the eastern Chuckwalla Valley (pits 2, 3, 202, 
and 4) all contained strata that appeared to be predominantly 
alluvial, on the basis of grain size and sorting. Aeolian deposition 
formed the uppermost units of pits 2 and 3 (late to latest Holocene 
deposits less than 1 m thick) and probably also contributed some 
material to the alluvial strata, as is common in desert alluvial 
fan environments throughout the southern California desert and 
elsewhere (for example, Blair and McPherson, 2009).

Interestingly, four samples of alluvial sediment from three 
pits showed ages coincident with the Last Glacial Maximum 
(LGM): the ages of samples IRSL-10 and IRSL-11 from pit 3, 
sample IRSL-8 from pit 202, and sample IRSL-12 from pit 4 are 
generally within analytical uncertainty of each other and cluster 
around 23–21 ka. The ages of samples IRSL-10 and IRSL-11 
(alluvial sediment in pit 3) indicated rapid sediment accumulation, 
potentially even as one depositional event at least 55 cm thick 
(table 3). Although the analytical uncertainty does not allow us 
to resolve whether these ages represented a single extreme storm 
that affected much of eastern Chuckwalla Valley, it is evident that 
alluvial sediment transport and deposition were active in this area 
around the LGM. This interpretation is consistent with previous 
studies having inferred a cooler climate at the LGM in the 
southwestern U.S. that was likely twice as wet as today (D’Arcy 
and others, 2017). During the LGM, large pluvial lakes existed 

about 100 km north of our study area in the Mojave Desert (Soda 
Lake basin) that formed around 22–21 ka, remained large until 
around 13 ka, and shrank to shallower playa conditions by 11 ka 
(Enzel and others, 2003; Reheis and others, 2012; and Honke and 
others, 2019). 

Because of the common occurrence of well-rounded 
quartzite and chert-rich gravel clasts in the central to eastern 
part of Chuckwalla Valley (pits 2, 3, and 4), we surmised that 
ancestral Colorado River materials are an important sediment 
source to this area or were in the past. Delivery of Colorado River 
sediment most likely occurred by reworking of alluvial deposits 
(unit QTmm of Stone, 2006) on the north and northeast flanks 
of the Mule Mountains (fig. 1C), but possibly also by in situ 
deposition of flood sediment (sand and well-rounded gravel) finer 
than but coeval with the cobble-dominated Pleistocene Palo Verde 
Mesa deposits (unit Qpv of Stone, 2006). If the Colorado River 
formerly reached our study area to deposit the alluvial sediment 
we excavated, that would imply a past connection between 
Chuckwalla and Palo Verde Valleys, a possibility that future 
studies could investigate in more detail. In contrast to the well-
rounded gravels in pits 2, 3, and 4 that may have been derived 
from the Colorado River, the prevalence of subangular igneous 
clasts at pit 202 reflects its location at the distal end of a wash 
with sediment sources dominated by older igneous bedrock in the 
Mule Mountains. Future investigations of sediment provenance 
could determine with more certainty what role recycled Colorado 
River sediment plays in modern sediment sources and recent 
stratigraphic evolution. 

Earlier analyses by Kenney (2016) identified a transition 
from alluvial to aeolian deposition that occurred during early 
Holocene time (8 to 5 ka) in the area northeast of the Mule 
Mountains. Our data do not contradict that interpretation, but the 
unconformity we uncovered at pit 3 spanned more missing time 
than the transition; the uppermost preserved alluvial deposits 
are late Pleistocene (about 20 ka), whereas the base of preserved 
aeolian deposition was middle to late Holocene (about 4 ka; 
fig. 25), so our current findings cannot refine the age of that 
transition. At pits 202 and 4, northeast of the Mule Mountains, 
alluvial deposition remained dominant and no local transition to 
substantial aeolian activity was observed. At pit 1, the Holocene 
and recent alluvial fan activity was the only significant process 
post-dating much older Pleistocene lake sedimentation, and no 
substantial modern aeolian influence was apparent. Notably, Pease 
and Tchakerian (2003), who studied an aeolian sand ramp 50 km 
north of the Mule Mountains, identified periods of dry climate 
represented by aeolian sand deposition before 22 ka and between 
15 and 6 ka, and development of paleosol (soil) units during the 
intervening times. The age of the 22–15 ka paleosol at the Big 
Maria sand ramp site of Pease and Tchakerian (2003) is consistent 
with our inference of wetter climate characterized by alluvial 
rather than aeolian deposition in eastern Chuckwalla Valley at the 
time of the LGM. 

Our characterization of modern surficial processes and 
weather patterns in eastern Chuckwalla valley confirms long-
standing recognition of a prevailing west-to-east wind regime in 
southwestern U.S. drylands (for example, Zimbleman and others, 
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1995; Muhs and others, 2003; Lancaster, 2020). The dominant 
sand-transport direction occurring in eastern Chuckwalla Valley 
is toward the northeast. However, occasional strong wind events 
from the north can transport large quantities of sand southward 
and temporarily reshape local geomorphic features, as we 
observed in late October 2019. Influence of a north to northwest 
wind direction is also locally dominant in the southeastern part of 
the Palen dune field, where dunes migrate toward the southwest 
owing to topographic steering of wind around mountain 
ranges. The existence and evolution of well-developed dunes in 
Chuckwalla Valley (most notably in polygon 7) are controlled 
by local topography; the dune field in polygon 7 is sourced from 
fluvial deposits in the Wiley Well wash depocenter immediately 
to the west, and eastward dune migration there is limited by 
a south-flowing alluvial channel draining from the McCoy 
Mountains. The polygon 7 dune field and the recycling of fluvial 
sand in the sand ramp on the west flank of the Mule Mountains 
(near polygon 6) are excellent examples of fluvial–aeolian 
interactions fundamentally controlling dryland morphology and 
sediment transport, as also occurs in other drylands globally 
(Langford, 1989; Rendell and others, 2003; Cohen and others, 
2010; Belnap and others, 2011; East and others, 2015). 

Therefore, if natural sand-transport corridors are to be 
maintained in eastern Chuckwalla Valley, then retaining the 
ability for sand to be transported eastward from the ephemeral 
stream channels and playas that supply sediment to the dunes, 
sand sheets, and sand ramps of Chuckwalla Valley would 
be needed and would allow for southward transport during 
episodic strong weather events. Although Kenney (2018) 
defined numerous local sand-migration pathways with discrete 
boundaries, we favor the perspective that sand-migration 
corridors do not have fixed boundaries and cannot readily be 
discretized over small spatial scales, especially after large, 
synoptic weather events. Rather, aeolian sediment-migration 
corridors are dynamic spatially and temporally, reorganizing 
based on seasonal changes to wind drift potential. A general 
framework of west-to-east winds produces sand migration that 
includes sediment from alluvial channels downwind to the 
east, occasionally and locally also to the south, and is recycled 
repeatedly between alluvial channels and aeolian deposits.

The modern sedimentary environment is key to the feasibility 
of maintaining solar-energy infrastructure. Land surfaces with 
greater sand mobility would be less stable, and therefore less 
feasible for development, than stable surfaces with little active 
aeolian sand. Today, the least feasible areas of eastern Chuckwalla 
Valley are those where dune migration is active (for example, 
polygon 7) or where, even without well-developed dunes, recent 
aeolian activity is evident from common wind rippled surfaces, 
sand shadows that form under strong winds, or thick aeolian 
deposits in the uppermost stratigraphy. Areas of low or limited 
feasibility include the zone mapped by Stone (2006) as unit Qs 
between Interstate 10 and the Mule Mountains (fig. 1D) and 
surrounding sparsely vegetated sand sheets, including the locations 
of pit 2, polygon 2, and pit 3. Areas within several kilometers 
downwind (east) of Wiley Well wash (including polygon 6) 
are expected to undergo seasonal- and event-scale inflation and 

deflation on the order of 10–40 cm. This estimate is based on 
landscape response to the October 2019 high wind event and our 
observations of seasonal exposure and reburial of the weather-
station tripod legs. It is possible that altering vegetation cover and 
installing equipment on such a loose, sand-dominated surface 
could alter local wind dynamics to create new zones of deposition 
(eddies) around constructed materials. Portions of the landscape 
within active alluvial-fan channels or ephemeral washes can also 
be expected to destabilize during episodic high flow events.

It is also necessary to consider the likely response of the 
landscape and its vegetation to ongoing climate change, including 
the potential for increasing aeolian sand activity (East and Sankey, 
2020). The southwestern U.S. is experiencing warmer and 
drier conditions today than several decades ago, a trend widely 
expected to continue (Seager and others, 2007; Cook and others, 
2015; Diffenbaugh and others, 2015; USGCRP, 2017, 2018; 
Ullrich and others, 2018; Williams and others, 2020). Warming 
and drying lead to a decrease in the ratio of precipitation (P) to 
total annual potential evaporation (PE) as temperatures warm. As 
P/PE ratios decrease, vegetation cover decreases as plants have 
less available moisture. For example, decreased vegetation was 
observed during recent warming and severe drought in southern 
California (Dong and others, 2019). Vegetation is commonly a 
major factor limiting the availability of sand for aeolian transport 
(for example, Ash and Wasson, 1983; Buckley, 1987; Kocurek 
and Lancaster, 1999); another limiting factor is moisture, such as 
on playa surface, which prevents sediment from being entrained 
by wind. Thus, large dryland areas that are now sediment-supply 
limited by being sparsely vegetated or seasonally wetted could 
transition to greater aeolian activity in a warmer climate as 
stabilizing vegetation cover and playa moisture are reduced (Muhs 
and Maat, 1993; Muhs and Holliday, 1995; Lancaster, 1997; 
Muhs and Been, 1999; Lancaster and Helm, 2000; Pelletier, 2006; 
Pelletier and others, 2009; Yizhaq and others, 2009; Duniway 
and others, 2019; Redsteer, 2020). Increased dune activity has 
been documented in some western U.S. dune fields during 
drought in recent decades (Marín and others, 2005; Bogle and 
others, 2015). More frequent and intense dust storms are also 
likely and represent one of the largest expected economic effects 
of climate change in the U.S. (Achakulwisut and others, 2019). 
More extreme rain events in a warmer climate (for example, Allan 
and Soden, 2008; Intergovernmental Panel on Climate Change, 
2014; Swain and others, 2018) presumably would supply more 
sediment to aeolian source regions, such as Wiley Well wash 
and the alluvial fans upslope of polygon 8 or pit 202. The least 
stable landscapes of eastern Chuckwalla Valley in future climate 
will likely be those immediately downwind of ephemeral stream 
channels and their depocenter (playa) regions, which will supply 
aeolian sand to downwind regions in possibly greater quantities 
than today, and with less vegetation to stabilize the aeolian sand 
sheets compared to today. Areas that are generally stable today—
those areas far enough from major stream channels to receive 
reduced aeolian sediment supply with little evidence of substantial 
aeolian sand activity in the past, such as northeast of the Mule 
Mountains—may be affected by aeolian dust under future climate 
even if surface geomorphic changes remain negligible. 
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Conclusions
Our weather records and sand-transport modeling results 

indicate that, given unlimited sediment supply, wind in eastern 
Chuckwalla Valley is capable of transporting approximately 
105 kilograms (100 metric tons) of sand per meter width per 
year. The same order of magnitude sediment flux would occur 
as a dune of the size found in Chuckwalla Valley (3–4 m high, 
30–60 m wide, and 25–35 m long) migrates past a fixed point; 
the wind regime is sufficient to transport that quantity of sand 
annually at a given location if enough sediment is available 
and unimpeded by vegetation. Feasible development of solar 
energy facilities will depend upon sediment availability and dust 
generation remaining low enough locally to minimize disruption 
to infrastructure. 

Stratigraphic profiles at five sites along a northwest-to-
southeast transect revealed Pleistocene playa deposits (dating to 
266–226 ka) south of the McCoy Mountains and immediately 
north of Interstate 10, overlain by late Pleistocene to Holocene 
alluvial fan deposits. To the southeast (south of Interstate 10, but 
north of the Mule Mountains), we identified rapid accumulation 
of alluvial sediment around the time of the Last Glacial Maximum 
(23–20 ka), unconformably overlain by recent and Holocene 
aeolian and alluvial fan sediment. We have used stratigraphic 
characteristics and luminescence ages to calculate accumulation 
rates for these sites, identifying spatial variation in landscape 
stability over decadal and longer time scales.

Future investigations of landscape evolution in Chuckwalla 
Valley could include geochemical and mineralogic analyses to 
infer sediment-transport pathways in greater detail and provide 
information that could refine identification of feasible sites 
for solar-energy development. The role of vegetation cover in 
modulating aeolian sediment entrainment and transport would 
also be worthwhile to examine through further field study, 
particularly the role of nonnative plant species. Although some 
exotic plant species grow to cover large areas rapidly, they may 
not provide long-term stability to sandy surfaces (for example, 
Draut and others, 2012), and windblown sediment pulses can 
still occur if vegetation life cycles are out of phase with the 
most active seasonal wind regime. The development of effective 
solar facilities would benefit from a thorough understanding of 
regional geomorphic and sedimentary processes as well as the 
ways in which these processes interact with the ecosystem to 
shape the landscape.
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Glossary of Selected Terms
Aeolian	   pertaining to wind (also spelled eolian). 

Alluvial fan  a fan- or cone-shaped deposit of sediment (alluvium) 
emplaced by flowing water, usually occurring where water flow 
exits a confined space. The shape of alluvial fans is controlled 
by where the flow velocity decreased, causing sediment to be 
deposited. The particle size of sediment in alluvial fans is generally 
finer in the downstream direction.

Alluvium  sediment deposited by flowing water.

Barchan dune  a crescent-shaped sand dune, formed as wind 
transports sediment predominantly from one direction. The shape 
(morphology) of barchan or barchanoid (having some features of 
a barchan) dune can be used to infer the dominant wind direction 
because the steepest face forms on the downwind side. Barchan or 
crescentic dunes are a common type of aeolian dunes (other types 
being linear, star, dome, and parabolic dunes).

Coppice dune  also called a nebkha or dune hummock, a coppice 
dune is a vegetated sandy mound in which sediment accumulates 
as vegetation traps wind-transported sand. Coppice dunes typically 
are lower in height than their associated vegetation. 

Deflation  lowering of the land surface resulting from wind 
erosion of fine sediment (opposite: inflation)

Depocenter  a region of concentrated sediment deposition, where 
sediment thickness is maximal. Sedimentary depocenters are 
commonly found at the mouths of rivers or streams.

Desert pavement  a desert surface covered with closely packed, 
mostly coarse grained (pebble and cobble-sized) sedimentary 
particles. The pavement-like texture develops as finer grains are 
removed by wind. Where exposed undisturbed for a long time, 
desert pavement surfaces develop desert varnish (oxidation and 
re-cementation facilitated by bacteria) on the exposed particle 
surfaces. See also lag deposit. 

Fluvial  pertaining to flowing water, as in a river or stream channel.
 
Geochronology  the science of determining the age of sediment, 
rocks, fossils, or geologic events.

Lag deposit  a sedimentary deposit formed by removal of 
fine-grained material, resulting in residual concentration of 
coarse-grained particles (commonly gravel). Formation of a 
lag deposit occurs by the winnowing action of fluvial, aeolian, 
tidal, or wave-induced sediment transport. 
 
Luminescence geochronology  a method of estimating the 
time at which sediment was last exposed at the land surface. 
Luminescence geochronology relies on light-emitting 
(luminescent) properties of mineral grains when they are 
stimulated by light, infrared radiation, or heat in a laboratory; 
the magnitude of luminescence is a function of the time since 
the last exposure to sunlight. 

Playa  a flat area at the lowest part of an internally drained basin 
(a basin with no outlet). Playas in deserts commonly form shallow, 
ephemeral lakes. Sediment accumulating in playa depocenters 
is reworked by wind when dry, forming aeolian dunes and 
generating aeolian dust. 

Sand sheet  a low-relief, sand-covered land surface lacking well 
developed aeolian dunes.

Sand ramp  inclined aeolian sand deposits covering a 
topographic slope. Sand ramps form against topographic barriers 
and indicate local loss of wind velocity that promotes deposition 
of aeolian sediment. 

Sedimentary structures  textures, patterns, and arrangements 
of sediment grains that form while or shortly after the sediment 
is deposited. Sedimentary structures are commonly visible 
when a sediment deposit or sedimentary rock is exposed in 
cross-section. Examples of primary sedimentary structures 
(formed during deposition) include ripples and crossbedding, 
which form as a result of grain-size or density sorting and 
indicate the presence of bedforms such as ripples and dunes 
on the original sediment surface. These features can be used to 
infer the dominant direction(s) of water currents or wind that 
transported and deposited the sediment. Examples of secondary 
sedimentary structures, which form shortly after deposition, 
include mudcracks and raindrop impressions.
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