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Abstract

The recognition and characterization of aeolian dust in soil contribute to a better understanding of

landscape and ecosystem dynamics of drylands. Results of this study show that recently deposited

dust, sampled in isolated, mostly high-ground settings, is chemically and mineralogically similar on

varied geologic substrates over a large area (15 000 km2) in the Mojave Desert. The silt-plus-clay

fraction (fines) on these isolated surfaces is closely alike in magnetic-mineral composition, in contrast

to greatly dissimilar magnetic compositions of rock surfaces of vastly different lithologies, on which

the fines have accumulated. The fines, thus, are predominantly deposited dust. The amounts of

potential nutrients in the sampled dust are much more uniform than might be provided by direct,

local weathering of bedrock or by dust locally derived from nearby weathered products. The

compositional similarity of the dust on these surfaces is interpreted to result from mixing of fines in

the atmosphere as well as in fluvial, alluvial, and lacustrine depositional settings prior to dust

emission.
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1. Introduction

Aeolian dust influences surficial and ecological processes in desert regions, where large
amounts of dust are both sequestered and emitted over long periods of time (Goudie,
1978). In these settings, aeolian dust plays important roles in soil formation, soil
hydrology, development of surfaces, distribution of biologic soil crusts, and nutrient status
(e.g. Yaalon and Ganor, 1973; Wells et al., 1985, 1987; McFadden et al., 1986, 1987, 1998;
Chadwick and Davis, 1990; McDonald et al., 1996; Belnap and Gillette, 1998; Shachak
and Lovett, 1998; Reynolds et al., 2001a).

This paper reports primarily on the recognition and composition of aeolian dust on high
surfaces, isolated from surrounding terrain, over an area of about 15 000 km2 of the central
Mojave Desert in the southwestern United States (Fig. 1). These isolated surfaces were
sampled because the fine-grained sediment (fines) on them had no local alluvial source and
thus must be primarily from dust. In the field, moreover, the fines at different sites were
similar in color and magnetic susceptibility in contrast to variable characteristics of
underlying bedrock. The principle goal of this study was to examine the compositional
variation of dust in this setting over an area of diverse bedrock geology and
geomorphology. Wells et al. (1982) previously interpreted fines in similar settings to be
largely aeolian dust. The presence of aeolian dust in talus on steep dryland slopes (Whitney
and Harrington, 1993; Blank et al., 1996) represents an analogous setting. Strong
compositional similarity among distant sites would reflect the mixing of fines from
disparate bedrock types. The mixing might occur in different ways, such as in surficial
deposits that are dust sources and (or) in the atmosphere during dust transport.
Compositional disparities might provide clues to dust sources and the physical processes,
such as aerodynamic sorting of minerals, that control mineral-dust properties. Attention is
also given to the potential nutrient loads of deposited dust because of their importance for
biogeochemical dynamics.

Samples of fine-grained sediment on the isolated surfaces were collected from the surface
down to only a few cm (typically 1–2 cm depth). These surfaces receive modern dust, but
the time span represented by the entire sampled interval is not known and may vary among
sites. It is likely that the sampled sediments represent dust deposited during at least the past
few hundred years, as suggested by Reheis et al. (2002) for ‘old dust’ trapped in a
comparable setting—vugs in volcanic rocks.

In this study we also compare dust collected on topographically isolated features with
fine-grained sediment in surficial deposits at a few sites, most of them on alluvial fans, from
approximately the same area to evaluate whether these different settings capture dust of
similar or disparate properties. Significantly different properties might be attributable to
proximity to local dust sources or to conditions causing spatial variability in dust
deposition.

2. Setting

Sampled sites are in the central Mojave Desert, from Death Valley National Park
southward to the Soda Lake area and the Cima volcanic field in the Mojave National
Preserve (Fig. 1). This part of the Mojave is characterized by a variety of geologic surfaces
that includes mountain ranges of diverse rock types, playas, ancient lake deposits, lava
flows, sand-dune fields, alluvial fans, and riverbeds. In the northern part of the study area,
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Fig. 1. Map showing locations of isolated sampling sites (triangles) and of soil samples near dust traps (trap sites;

circles). Thick, solid line denotes the Mojave Desert within the index map of the southwestern United States.
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Greenwater Valley and bounding ranges are dominantly underlain by middle Tertiary
volcanic rocks, ranging mainly from andesitic to rhyolitic compositions (Drewes, 1963;
Wright and Troxel, 1984; Workman et al., 2002). In the southern part, the Silurian Lake
and Soda Lake areas, including Valjean Valley, are primarily underlain by granitic
intrusions and a variety of metamorphic rocks, including quartzite and metalimestone. The
Cima volcanic field, mainly composed of Pleistocene basalt flows and cones, lies at the
southeastern edge of the study area.

3. Methods

3.1. Sampling

We sampled fine-grained material suspected to be primarily aeolian dust at 10 sites that
included the tops of peaks and isolated high parts of ridges, as well as the surface of a mesa
(site Z-3) (Fig. 1; Table 1). We collected the upper �2 cm of fine-grained sediment found in
pockets and crevices directly below summits. The sediment on the mesa was collected
directly below rock clasts that formed a desert pavement; we also sampled a subjacent
vesicular A soil layer. At most sites, fine-grained sediment was about 5–10 cm thick; the
mantle of eolian sediment on the mesa was much thicker, perhaps 1–2m, or more (see
Wells et al., 1985). We did not observe evidence for physical or biologic disturbance at
these sites. At each site, between 20 and 50 g of fine-grained material were obtained over an
area of �300–1000 cm2, using a sharp-edged trowel. We also collected rock from outcrop,
or from volcanic-rock clasts in the desert pavement at the site on the mesa (site Z-3). The
setting at site Z-3, on a middle Pleistocene basalt flow in the Cima volcanic field, has been
studied in detail with respect to dust-related development of desert pavement and soil (e.g.
McFadden et al., 1986, 1998). Bedrock lithology and elevation range widely (Table 1). We
compared results from these sites to new results on fines in the upper 0.5 cm of soil at six
sites that spatially overlap the isolated sites (T-sites; Fig. 1; Table 1) and that are associated
with dust traps, most of them in operation since 1984 (Reheis and Kihl, 1995). These sites
were sampled in a manner closely similar to that for the sites on isolated surfaces. The trap
sites, as we refer to them here, occur on a variety of surfaces of different geomorphic age,
typically in valley floors and on alluvial fans. One of these sites (T29), however, occupied a
high-elevation (about 1200ma.s.l.) saddle between two cones in the Cima volcanic field.
Site T29 is thus similar to the isolated sites with respect to its position above most of the
surrounding landscape, but it likely is affected by local runoff, unlike the isolated sites.

3.2. Laboratory

The combination of chemical, mineralogic, and textural methods provides clear evidence
for aeolian dust in desert surfaces (e.g. Marchand, 1970; Muhs, 1983; McFadden et al.,
1987, 1998; Wells et al., 1987; Muhs et al., 1990; Reheis, 1990; Reheis et al., 1995; Naiman
et al., 1999). In some settings, magnetic petrology, which characterizes magnetic minerals,
may be a useful complement to these methods. Magnetic analyses (Thompson and
Oldfield, 1986), together with reflected-light microscopy, were used to determine the types,
amounts, and magnetic grain sizes of magnetic minerals. For petrographic analysis,
magnetic minerals were prepared in polished grain mounts after isolation from the bulk
sediment in a pumped-slurry magnetic separator (Reynolds et al., 2001b).
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Table 1

Locations and settings of sampling sites (8C, Z, JY sites on isolated surfaces; T-group soil sites at dust traps)

Sample site Latitudea Longitudea Elevation (m) Setting Setting—Location Rock typee

8C-1 36 08.99 116 37.50 1622 Peak Black Mountains Rhyolite

8C-7 36 16.53 116 43.54 1859 Peak Greenwater Valley Andesitic breccia

8C-9 35 54.66 116 34.74 447 High point

on ridge

Jubilee Pass Schist

8C-10 35 55.54 116 25.59 1117 High point

on ridge

Salisbury Pass Altered volcanic

breccia

8C-11 35 33.47 116 07.06 351 Peak Valjean Valley Quartzite

8C-12 35 31.95 116 06.03 603 Peak Valjean Valley Quartzite

Z-1 35 08.44 116 06.57 375 Peak Soda Lake area

(west)

Granite

Z-2 35 08.42 116 06.29 347 Peak Soda Lake area

(west)

Meta-limestone

Z-3 35 12.28 115 52.26 604 Mesa top Desert pavement Basalt

JY99-58 35 14.32 116 02.45 455 Peak Soda Lake area

(east)

Limestone

T18 36.31 115.44 1318 Alluvial

fanb
North of Spring

Mountains

Limestone, some

quartzite

T28 34.95 115.61 921 Alluvial

fanc
Southeast of Kelso

Dunes

Mixed

sedimentary and

igneous

T29 35.26 115.73 1257 Basalt flow Cima volcanic field Basalt

T30 35.32 116.12 290 Alluvial

fand
West of Silver Lake Meta-igneous

T33 35.31 116.14 366 Alluvial

fanc
South side Tecopa

basin

Mixed

sedimentary and

igneous

T34 35.97 116.23 525 Alluvial

fanb
East side Tecopa

basin

Limestone, some

quartzite

aIn degrees, decimal minutes (for 8C, Z, and JY sites); in degrees for T-group sites.
bLate Pleistocene fan.
cMiddle (?) Pleistocene fan.
dMiddle Holocene fan.
eUnderlying bedrock lithology for isolated sites; bedrock lithology or dominant lithology of pavement clasts for

soil sites at dust traps.

R.L. Reynolds et al. / Journal of Arid Environments 66 (2006) 42–6146
Magnetic measurements were made on dried sediment, sieved to isolate a silt-plus-clay
fraction (fines), or rock fragments packed into 3.2-cm3 plastic cubes and normalized for
sample mass. A measure of the quantity of magnetite sufficiently large (magnetic grain size
greater than about 30 nm) to carry remanence is isothermal remanent magnetization
(IRM0.3T), the magnetization acquired by a sample after exposure to a 0.3-T magnetic
field. In this study, remanent magnetization was measured using a 90-Hz spinner
magnetometer with a sensitivity of about 10�5Am�1. Hard IRM (HIRM), a measure of
high-coercivity ferric oxide minerals such as hematite, is calculated: (IRM1.2T–IRM0.3T)/2.
The ratio, IRM0.3T/IRM1.2T, called the S parameter, is a measure of the relative
proportion of magnetite to all oxides, including hematite. High S values indicate large
amounts of magnetite relative to hematite (a maximum value of 1), and decreasing values
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indicate increasing amounts of hematite. A measure for magnetic grain size is the ratio of
anhysteretic remanent magnetization to IRM0.3T (ARM/IRM). Magnetic grain size, which
may not indicate the physical size of a magnetite particle, reflects the magnetic domain
structure of magnetic minerals thereby providing information about origins of these
minerals. ARM/IRM values increase as the magnetic grain size of magnetite decreases, and
it is particularly sensitive to single domain (SD) and small pseudo-single domain (PSD)
magnetic grain sizes. ARM was imparted in a DC induction of 0.1mT in the presence of a
decaying alternating induction from 100 to 0mT. Frequency-dependent magnetic
susceptibility was determined to test for the presence of ultrafine (o30 nm) super-
paramagnetic magnetite or maghemite grains, which may form under pedogenic conditions
(e.g. Dearing et al., 1996). No evidence for such pedogenic Fe oxides was found, and these
results are not discussed further.

Particle size was determined on silt-plus-clay fractions as volume percentage using a
laser-light scattering method capable of measuring particles greater than 0.5 mm, after
removing organic matter using 30% hydrogen peroxide and carbonate using a 15%
hydrochloric acid solution to eliminate any pedogenic carbonate in the soil. Such a
treatment also removes any aeolian carbonate dust and detrital calcite, which might be
locally derived from carbonate bedrock. Major, minor, and trace elements were
determined on untreated fines using a combination of energy-dispersive X-ray fluorescence
(XRF) and inductively coupled plasma (ICP-atomic emission spectroscopy and—mass
spectroscopy; Lichte et al., 1987) analyses on pulverized samples.

Because samples from the topographically isolated sites and from the trap sites were
initially analysed for separate studies, a different size portion was taken to represent the
fines fraction. Theo63 mm fraction represents fines from the topographically isolated sites,
whereas the o50 mm fraction represents the fines from the trap sites, following analytical
protocols (Reheis et al., 2002) for a group of long-term dust studies in the region.
4. Results

Magnetic properties of the fines on isolated surfaces are similar and, as a group, contrast
greatly with the highly variable magnetic properties of the bedrock samples. Magnetite
abundance in the fine fraction varies by about 2� (IRM, 1.99–3.90� 10�2Am2 kg�1),
hematite by 2.4� (HIRM, 1.28–3.12� 10�3Am2 kg�1). In contrast, IRM and HIRM in
rocks vary by about 3450� and 330� , respectively (Fig. 2a; Table 2). Concentration-
independent parameters (ARM/IRM, magnetic grain size; and S parameter, relative
amounts of magnetite and hematite) also cluster closely for the fines compared with those
for bedrock samples (Fig. 2b). Among all sites, only one pair of fines and bedrock (site 8C-
1 on rhyolite) exhibits closely similar magnetite content (Fig. 2a; Table 2). The fines and
rock at this site, however, differ greatly in hematite content and in magnetic grain size,
reflecting fundamentally different magnetic mineral suites (Fig. 2a; Table 2). Importantly,
fines at nearby site 8C-7, on an exposure of andesite, have nearly identical magnetic
properties as the fines at site 8C-1, but the two types of volcanic rock have significantly
different amounts of magnetite and hematite (Fig. 2a, b; Table 2). The mineralogic
similarities in the fines and their contrasts with the rocks can be explained only by aeolian
dust at these sites, which do not receive alluvium or appreciable amounts of fine-grained
colluvium.
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(a)

(b)

Fig. 2. (a) Plot of IRM (magnetite abundance) against HIRM (hematite abundance) for the fine fraction (solid

symbols) and underlying bedrock (open symbols) at isolated sites, and for the fine fraction at trap sites (inverted

triangles). (b) Plot of ARM/IRM (magnetic grain size of magnetite) against S parameter (magnetite relative to all

magnetic minerals). Symbols as in (a) the ARM/IRM value for rock from site 8C-10 (0.205) is off scale. Insets

show results from the fine-fraction samples at expanded scales to mark sites. Sites indicated without 8C- and JY99

prefixes. See text for magnetic property acronyms.

R.L. Reynolds et al. / Journal of Arid Environments 66 (2006) 42–6148
Petrographic examination qualitatively confirms the similarities of magnetic mineral
suites in the fines as well as the great differences between these suites and the magnetic
mineralogy of paired bedrock samples. At site 8C-1, for example, magnetic oxides in the
rhyolite consist uniformly of magnetite phenocrysts partly replaced by hematite. In
contrast, magnetic minerals in the fines are characterized by a wide variety of magnetic
Fe–Ti oxides and associated Ti-rich phases, such as titanomagnetite in a variety of
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Table 2

Summary of magnetic and silt-fraction results

Specimen Typea MSb IRMc HIRMd Se ARMf/IRM C siltg M silth F silti

8C-1-1 s/c 2.35E�06 3.28E�02 1.58E�03 0.91 0.017 45 30 25

8C-1-2 Rock 2.46E�06 3.19E�02 5.88E�04 0.96 0.010

8C-7-1 s/c 2.44E�06 3.53E�02 1.53E�03 0.92 0.020 43 28 29

8C-7-2 Rock 4.30E�06 1.16E�01 2.08E�03 0.97 0.015

8C-9-1 s/c 1.72E�06 2.07E�02 1.80E�03 0.85 0.018 49 27 24

9C-9-2 Rock 3.57E�08 2.13E�04 1.14E�04 0.48 0.020

8C-10-1 s/c 1.98E�06 2.58E�02 1.60E�03 0.89 0.021 36 29 35

8C-10-2 Rock 1.96E�07 5.59E�03 1.39E�03 0.67 0.205

8C-11-1 s/c 2.97E�06 3.74E�02 2.83E�03 0.87 0.013 45 26 29

8C-11-2 Rock 1.87E�08 1.14E�04 9.82E�06 0.85 0.051

8C-12-1 s/c 3.04E�06 3.87E�02 3.12E�03 0.86 0.012 54 26 20

8C-12-2 Rock 8.37E�09 7.27E�04 9.93E�05 0.79 0.117

Z-1-1 s/c 3.13E�06 3.90E�02 2.75E�03 0.88 0.012 44 28 28

Z-1-2 Rock 1.64E�07 3.33E�03 7.78E�04 0.68 0.027

Z-2-1 s/c 1.94E�06 2.55E�02 1.59E�03 0.89 0.014 31 31 38

Z-2-2 Rock 1.52E�07 3.42E�03 2.47E�05 0.99 0.017

Z-3-2 s/c 1.36E�06 1.99E�02 1.28E�03 0.89 0.023 18 28 54

Z-3-3 Rock 9.59E�06 3.93E�01 3.21E�03 0.98 0.025

JY99-58a s/c 2.68E�06 2.57E�02 2.08E�03 0.86 0.015 24 17 59

JY99-58c Rock 1.33E�08 2.53E�04 5.26E�05 0.71 0.075

as/c denotes silt plus clay sample.
bMagnetic susceptibility, in m3 kg�1.

cIsothermal remanent magnetization, in Am2 kg�1.
dHard IRM, in Am2 kg�1.
eS parameter.
fAnhysteretic remanent magnetization.
gCoarse.
hMedium.
iFine groups, as percentages, of the silt fraction (see text for particle-size ranges).
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subdivided forms, chemically homogeneous magnetite, specular hematite, ilmenite,
pseudobrookite, and numerous forms of ilmenorutile. Over the study area, no
petrographic differences could be qualitatively discerned in the magnetic minerals in the
fine fraction, regardless of associated bedrock type. By contrast, magnetic mineralogy of
the bedrock was limited in mineral type at each site but varied greatly between sites. Some
bedrock, such as quartzite, was devoid of strongly magnetic minerals. The presence of
spherical magnetic particles (typicallyo20 mm) in the fine fraction at many sites further
distinguishes the magnetic mineral suites in the fine fraction from bedrock. These spherical
particles were produced by coal combustion or other industrial activity (Locke and
Bertine, 1986) and were transported long distances in the atmosphere to depositional sites.

The relatively small variation in magnetite abundance in the fines is reflected in their
narrow range of iron abundance, compared to associated rocks (Fig. 3). With the
exception of the fine-grained sample paired with basalt substrate (site Z-3), which contains
abundant magnetite and iron, fines are enriched in Fe for a similar amount of magnetite in
underlying bedrock. This relation is shown by a comparison of iron content and IRM for
two sites (8C-1, and -7; Fig. 3) in the Greenwater Valley area (Fig. 1). Fines and volcanic
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Fig. 3. Plot of iron against IRM (magnetite abundance). Symbols as in Fig. 2.

R.L. Reynolds et al. / Journal of Arid Environments 66 (2006) 42–6150
rock at 8C-1 have closely similar amounts of magnetite contents, but the fines have 2.4�
more iron. The fines at site 8C-7 have 3.3� less magnetite but 1.5� more iron than the
underlying andesitic breccia.
Some elements reported here represent potential plant nutrients. Our chemical methods,

however, show only concentrations of these elements and not the proportion available to
plants. In the case of P especially, total concentration may be an unreliable indicator for
plant-available P (Lajtha and Schlesinger, 1988). Most of these potential nutrients show
tighter clusters of values compared with elemental contents of underlying bedrock (Fig. 4;
Table 3). (Except for Mn vs. Cu, the plots pair elements that might be related by
mineralogy or geologic association.) At most sites the fines are enriched in nearly all
potential nutrients (potassium excepted) relative to the rocks (Fig. 4; Table 3). For each
nutrient element, and for a few chemically stable elements, a measure of variation (range
factor) is shown in Fig. 5 as the ratio of maximum value to minimum value. In most cases,
there is little between-site variation (o2� ) in the abundance of each element in the fines.
Phosphorus and Ca show the largest variations, but these variations are not related. The

large range (6.8� ) in P content is not linked to rock type, as indicated by a large difference
at nearby sites on similar bedrock (e.g. sites 8C-11 and 12, on quartzite above Valjean
Valley) and by disparate values at carbonate-rock settings (Z-2 vis-à-vis JY99-58). In
contrast, the relatively large variations in Ca and Mg appear to be at least partly related to
rock type. The highest Ca and Mg contents in fines (Ca ¼ 7.4%, Mg ¼ 3.5%; at site Z-2)
reflect weathering of fine-grained carbonate rock (Ca ¼ 30%, Mg ¼ 12%). The small
variation in titanium content (1.5� ) in the fine-grained samples is similar to that of iron
(Fig. 6a), as expected because of the close association of iron and titanium in many types of
igneous rocks and detritus derived from them. In contrast, Zr varies by 2.7� and Zr/Ti by
2.1� (Figs. 5,6b).
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Fig. 4. Bivariate plots of elemental abundance for the fine fraction (solid symbols) and underlying bedrock (open

symbols) at isolated sites. Calcium data for carbonate bedrock at sites Z-2 and JY99-58 are off scale (see Table 3).
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The magnetic-mineral and chemical compositions of the fines from the isolated sites
mostly overlap those of fines from the trap sites. Magnetic properties of the two groups
have closely similar ranges (Fig. 2). For elements analysed in common (Table 4), there are
no significant differences in the group averages at po0.05, except for Ti and Zr, both of
which are higher in the trap-site soil samples.

5. Discussion

5.1. Compositional similarities—evidence for mixing of fines

The overall compositional similarities of the dust on the isolated, widely separated, and
geologically diverse surfaces are interpreted to reflect mixing of aeolian sediment from
multiple sources. Such mixing likely has taken place in different environments—in the
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Fig. 5. Amount of variation for selected elements, Zr/Ti, and IRM in the fine-grained fraction from isolated sites.

The range factor is the ratio of maximum value to minimum value for each element at all sites.
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atmosphere as well as in fluvial, alluvial, and lacustrine depositional settings prior to dust
entrainment. Observations of contemporary dust events and storms in the Mojave Desert
indicate that many windstorms, even those of modest strength and duration,
simultaneously generate dust plumes from many sources and geomorphic settings and
that areas of fallout from different plumes commonly overlap (Chavez et al., 2002;
Reynolds et al., 2003). Such sources today include varieties of both natural settings and
disturbed settings in areas of recreation, infrastructure development, military activity, and
agriculture, as examples. Drainage systems, including the channels of alluvial fans, small
washes, and major river systems (such as the Amargosa and Mojave Rivers) are sites of
surficial mixing of fine-grained sediment from numerous bedrock lithic types. Con-
temporary observations and compositions of modern dust (Reheis and Kihl, 1995) indicate
that typically dry floodplains of large drainages, in particular, are prolific sources of dust.
Playas, which accumulate fine-grained sediment from many sources, may also be sites of
dust emission (Gill, 1996; Reheis et al., 2002), the degree to which depends on many
factors, perhaps most importantly their hydrology and as well as type and degree of
surface disturbance.

Strong similarities in chemical and mineralogical composition among modern dust
samples from different geographic areas with dissimilar dust sources in the southwestern
US (Reheis and Kihl, 1995; Reheis et al., 2002) show that dusts undergo mixing in the
atmosphere prior to deposition. Such mixing, modified perhaps by aerodynamic sorting
within plumes, is also demonstrated by the downwind dilution of salt-rich, chemically
distinct dust (enriched in As, Ba, Li, and Sb) derived from the dry bed of Owens Lake
(Reheis, 1997; Reheis et al., 2002). For example, As and Sb in dust samples appear to
decrease gradually with distance from Owens Valley, whereas Ba and Li are elevated only
in dust samples from within Owens Valley.
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(a)

(b)

Fig. 6. Bivariate plots of elemental abundance for the fine fraction (solid symbols) and underlying bedrock (open

symbols) at isolated sites: (a) plot of iron against titanium and (b) plot of zirconium against titanium.
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5.2. Compositional variability—evaluation of aerodynamic sorting and pedogenesis

We examined chemical, magnetic, and textural data, along with geographic setting, for
evidence that relatively small compositional variations in surface fines could be attributed
to physical sorting and (or) chemical alteration. In one approach, we assessed Ti, Zr, Fe,
and magnetic properties, because variations among them in sediments commonly elucidate
changes in source areas and (or) influence by sorting processes (Rosenbaum et al., 1996;
Reynolds et al., 2001a). As an example, differences in Ti and Zr in late Pleistocene loess



ARTICLE IN PRESS

T
a
b
le

4

C
h
em

ic
a
l
re
su
lt
s
fo
r
sa
m
p
le
s
fr
o
m

is
o
la
te
d
-s
u
rf
a
ce

(8
C
,
Z
,
JY

sp
ec
im

en
s)

a
n
d
tr
a
p
(s
o
il
a
t
tr
a
p
;
T
-g
ro
u
p
)
si
te
s
fo
r
el
em

en
ts

a
n
a
ly
se
d
in

co
m
m
o
n

S
p
ec
im

en
C
a
(%

)
F
e
(%

)
T
i
(%

)
Z
r
(p
p
m
)

Z
r/
T
i

F
e/
T
i

B
a
(p
p
m
)

C
e
(p
p
m
)

C
r
(p
p
m
)

L
a
(p
p
m
)

L
i
(p
p
m
)

N
i
(p
p
m
)

P
b
(p
p
m
)

T
h
(p
p
m
)

8
C
-1
-1

2
.6
0

3
.7
0

0
.4
9

4
1
4

0
.0
8

7
.5

6
9
0

9
9

5
6

5
0

5
0

2
5

3
0

1
8

8
C
-7
-1

2
.2
0

4
.1
7

0
.5
3

3
9
4

0
.0
7

7
.8
3

1
2
0
0

1
1
0

6
6

6
5

8
0

3
1

3
3

2
0

8
C
-9
-1

5
.2
0

3
.9
9

0
.5
4

5
5
4

0
.1
0

7
.4
2

7
7
0

1
4
0

5
2

7
4

6
1

2
5

5
3

2
4

8
C
-1
0
-1

4
.5
0

3
.6
3

0
.4
9

4
0
5

0
.0
8

7
.4
2

6
8
0

1
2
0

5
2

6
2

5
8

2
7

3
2

2
2

8
C
-1
1
-1

2
.9
0

4
.2
3

0
.6
4

8
2
5

0
.1
3

6
.6
2

7
7
0

1
6
0

5
9

8
2

4
5

2
6

3
3

3
1

8
C
-1
2
-1

2
.9
0

4
.3
7

0
.6
8

8
6
5

0
.1
3

6
.4
1

7
2
0

1
6
0

6
9

7
9

4
2

3
0

3
3

3
0

Z
-1
-1

2
.6
0

4
.7
0

0
.7
1

1
0
7
2

0
.1
5

6
.5
8

6
9
0

1
7
0

7
2

8
8

4
4

2
8

3
5

3
2

Z
-2
-1

7
.4
0

3
.9
1

0
.5
3

6
2
8

0
.1
2

7
.3
4

5
9
0

1
3
0

6
2

6
4

5
8

2
9

3
0

2
2

Z
-3
-2

5
.0
0

4
.6
8

0
.6
0

4
0
2

0
.0
7

7
.7
9

5
3
0

1
1
0

6
3

5
8

6
6

3
4

2
7

2
1

JY
9
9
-5
8

2
.9
5

4
.9
0

0
.5
9

6
4
8

0
.1
1

8
.3
1

n
a

n
a

n
a

n
a

n
a

n
a

n
a

n
a

T
1
8
-0
0

8
.9
3

3
.0
9

0
.5
4

7
3
8

0
.1
4

5
.6
9

5
1
3

9
8

5
4

5
0

2
9

2
1

3
5

1
7

T
2
8
-0
0

4
.0
1

4
.4
3

0
.8
2

8
9
4

0
.1
1

5
.4
1

7
0
3

1
4
3

6
0

7
2

3
8

2
5

3
4

2
5

T
2
9
-0
0

2
.6
2

5
.6
3

1
.1
8

1
6
1
0

0
.1
4

4
.7
7

6
3
8

1
7
8

9
0

9
2

4
0

3
3

2
8

3
4

T
3
0
-0
0

3
.3
4

5
.2
4

0
.8
8

1
1
0
0

0
.1
2

5
.9
5

6
6
1

1
5
7

6
3

8
1

4
3

2
5

3
9

3
0

T
3
3
-0
0

6
.5
1

3
.6
2

0
.5
1

4
9
1

0
.1
0

7
.1
7

5
2
2

1
2
3

5
0

6
0

1
3
5

2
5

4
1

2
2

T
3
4
-0
0

5
.2
4

4
.4
2

0
.8
1

9
8
7

0
.1
2

5
.4
8

6
1
9

1
8
7

6
6

9
4

8
4

2
6

3
4

3
2

p
a

0
.2
1
7

0
.7
0
3

0
.0
1
7

0
.0
3
8

0
.2
0
1

0
.0
0
1

0
.1
4
3

0
.3
6
3

0
.6
5
2

0
.4
7
5

0
.7
2
0

0
.1
8
1

0
.7
4
1

0
.4
8
2

n
a
,
n
o
t
a
n
a
ly
se
d
.

a
P
ro
b
a
b
il
it
y
a
ss
o
ci
a
te
d
w
it
h
S
tu
d
en
t’
s

t-
te
st

in
co
m
p
a
ri
so
n
s
b
et
w
ee
n
sa
m
p
le
s
fr
o
m

th
e
is
o
la
te
d
-s
u
rf
a
ce

a
n
d
tr
a
p
si
te
s.

R.L. Reynolds et al. / Journal of Arid Environments 66 (2006) 42–61 55



ARTICLE IN PRESS
R.L. Reynolds et al. / Journal of Arid Environments 66 (2006) 42–6156
have been attributed to downwind sorting of relatively fine-grained Ti-bearing minerals
(presumably forms of TiO2) from coarser Zr-bearing minerals (Mason and Jacobs, 1998;
Muhs and Bettis, 2000).
Comparisons among chemical, magnetic, and textural data do not show strong evidence

for sorting. For these comparisons, we analysed the silt-fraction data as three groups—
coarse, 31.2–63 mm; medium, 15.6–31.2 mm; and fine, 3.9–15.6 mm. Using regression
analysis, the different particle-size ranges within the silt groups do not correlate with Ti,
Zr, or Zr/Ti, or with magnetite amounts (Table 2). Moreover, the silt groups do not show
correspondence to elevations of the sites. Although aerodynamic sorting takes place in
atmospherically entrained dust, sorting does not emerge as a dominant influence on
differences in compositional properties of our samples.
Particle-size distributions within the total silt fraction were also examined for evidence of

source-area or sorting influence. The silt fraction in most samples is dominantly coarse and
(or) medium silt (Fig. 7). As an exception, two samples from site Z3 (the surface fines and
underlying vesicular A horizon on the basaltic mesa) are dominated by fine silt that may
reflect high dust content from Soda Lake (see McFadden et al., 1986). Two samples from
the Hanks Mountain site (JY99-58; in carbonate rock) are enriched in both very fine silt
and coarse silt. This site is only 4 km from the northwestern margin of Soda Lake and thus
is expected to capture playa dust. Coarse silt at this site reflects the presence of local
aeolian sand at this near-summit site that was derived from washes below (see Lancaster,
1997). The textural results suggest that most sites are not distributed at sufficient distances
from themselves and from sources to record systematic, regional variations in particle-size
distribution of dust related to atmospheric sorting processes. The results also illustrate that
large variation in particle sizes are not expressed as compositional differences of the fines.
Comparison of chemical and magnetic properties of fines on isolated surfaces to those of

trap-site fines does not reveal large systematic differences that indicate a strong influence
by atmospheric sorting. The significantly higher amounts of both Ti and Zr in the trap-site
Fig. 7. Particle-size distribution for the normalized silt fraction. Lines connect data points (+) that represent the

mid-points of 20 measured particle-size intervals.
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samples imply higher amounts of certain heavy minerals (e.g. rutile and zircon) in these
sites, weakly suggesting that aerodynamic sorting has affected the distribution of some
heavy minerals. Testing this possibility would require study of a larger area.

Another process that may produce differences in the chemical composition of shallow
samples is pedogenic modification involving leaching of relatively soluble components. For
example, depletions of NaO and K2O from shallow dust-dominated soils (the Av horizon)
on the piedmont of the Soda Mountains within the study area are attributed to leaching,
on the basis of comparing measured soil-horizon compositions with modeled compositions
from mixed proportions of parent material and inferred dust constituents (McFadden
et al., 1998). Smaller depletions of CaO and MgO in near-surface soil appear to be
expressed in accumulation of pedogenic carbonate in lower horizons (McFadden et al.,
1998). Our shallow sampling was not designed to evaluate the degree of leaching of soluble
components. The small variations in abundances of Na and K (Figs. 4 and 5) suggest that
any such leaching at our sites was not highly variable. Larger variability in amounts of Ca
and Mg is attributed to the effects of weathering of carbonate bedrock, rather than to
leaching.
5.3. Dust and potential plant nutrients

To examine potential nutrients in the dust and relations to sources, we determined a
nutrient index for each dust sample and compared these indices to magnetic properties.
Here, the nutrient index is the sum of selected elements that have been normalized to the
highest value of a given element in the dataset. Magnetite abundance shows no relation to
the nutrient index composed of K, Mg, P, Cu, Mn, Zn, and Fe, elements that are
dominantly derived from non-carbonate rock (Fig. 8a). This observation contrasts with
results from surficial deposits on the central Colorado Plateau that demonstrated a close
correlation between far-traveled aeolian magnetite and potential nutrients in surficial
deposits on nutrient-poor bedrock units, which lack magnetite over large areas of the
region (Reynolds et al., 2001a, 2005). The plot of IRM against an index for Ca and Na,
elements that may be derived in large amounts from the surfaces of currently evaporative
playas, shows that relatively high values of this index correspond with relatively
low abundance of magnetite (Fig. 8b; r2

¼ 0.71; po0.05). This negative correlation
suggests that relatively low magnetite content in this region identifies relatively high
dust contributions from playas, which are low in magnetite content because of
(a) dilution by chemically precipitated minerals and (or) (b) low-energy environments of
sedimentation.

The relatively high variation in P abundance at our sites (Figs. 4 and 5) is noteworthy
because P can limit productivity in drylands (Guevara et al., 2000; Snyman, 2002) and
because P concentrations appear to vary widely across arid and semi-arid ecosystems
(Lajtha and Schlesinger, 1988; J.C. Neff, pers. comm., 2004). In eight of ten sites, fines
contained much higher P amounts than found in associated bedrock at the sites (Table 3).
Whatever the causes of the observed variations in P at our sites, the results indicate
that aeolian dust provides an important avenue for P inputs to the Mojave ecosystem.
More work is required to examine possible links between dust and plant-available P in the
study area.
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(a)

(b)

.

Fig. 8. Plots of nutrient index vs. IRM. (a) The element index is the sum of normalized abundances of K, Mg, P,

Cu, Mn, Zn, and Fe. (b) The element index is the sum of normalized abundances of Ca and Na.
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6. Conclusions

Dust deposited on widely separated, isolated settings in the Mojave Desert are similar in
mineralogic and chemical composition, regardless of underlying bedrock composition.
These overall compositional similarities reflect mixing of fines from multiple sources. Such
mixing likely has taken place in the atmosphere as well as in fluvial, alluvial, and lacustrine
settings. Compositional variation in dust from these isolated sites is similar to that in fines
from the mainly intermontane soil settings in the study area.
Additions of well-mixed dust to soils formed on bedrock and derived colluvium and

alluvium of widely different lithologic and chemical compositions serve to homogenize the
near-surface sediment (beneath desert pavement, if present) to a much more uniform state
(e.g. McFadden et al., 1986; McDonald, 1994; Reheis et al., 1995) that closely resembles
desert dust. This surficial sediment is the horizon in which most seed germination occurs



ARTICLE IN PRESS
R.L. Reynolds et al. / Journal of Arid Environments 66 (2006) 42–61 59
and in which resides much of the available water-holding capacity of aridic soils (e.g.
McDonald et al., 1996; McFadden et al., 1998). Thus, the potential nutrient load of
shallow soils across the central Mojave Desert may be very broadly approximated by the
composition of aeolian dust.

In nearly all comparisons, fines (predominantly aeolian dust) contain elevated amounts
of magnetic minerals and elemental contents relative to associated rocks. These differences
may partly result from sampling design. We sampled surfaces of a broad range of bedrock
types rather than surfaces proportionally representative of the substrates in the study area.
Relatively high content of magnetite and hematite in the dust on isolated surfaces is
notable, because these minerals have high specific gravity and are thereby especially subject
to aerodynamic sorting during aeolian transport. Sorting has not noticeably influenced the
iron oxide composition of the dust at our sites on isolated surfaces, in view of the lack of
related patterns among contents of high-density magnetic minerals, chemical proxies for
heavy minerals (Ti, Zr), proportions of fine-, medium-, and coarse-silt fractions,
geographic distribution, and elevation. A similar study over a larger area, investigating
dust collected on Jurassic sedimentary rocks in a transect from the eastern Mojave Desert
to the Colorado Plateau, revealed systematic decreases in amounts of magnetite and
titanium eastward (Goldstein et al., 2002), as expected for removal of these components by
aerodynamic sorting away from their predominant source areas.

An initial objective of this study was to evaluate the feasibility of magnetic methods to
detect aeolian dust in Quaternary surfaces in the complicated geologic and magnetic
setting of the central Mojave Desert. The magnetic technique consists of comparing the
types and amounts of magnetic minerals in surficial deposits with magnetic minerals in
nearby rock or coarse-grained sediment, the weathering of which might alternatively
produce fine-grained sediment. In this study, the method provided quantitative measure of
a mineral suite that documents aeolian dust, showing that these minerals in the fine
fraction of surficial deposits were not derived from bedrock substrates. Our results thus
indicate that magnetic methods can be used to identify aeolian dust in geologically
complex arid-land settings over large areas.
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