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[1] Magnetic properties of shallow (<10‐cm depth), fine‐grained surficial sediments contrast greatly with
those of immediately underlying bedrock across much of the dry American Southwest. At 26 study sites in
fine‐grained (<63 mm) surficial sediments isolated from alluvial inputs, isothermal remanent magnetization
(IRM; mean of 67 samples = 6.72 × 10−3 Am2 kg−1) is more than two orders of magnitude greater than that
for underlying Paleozoic and Mesozoic sedimentary rocks. This contrast is mainly caused by the presence
of silt‐size, titanium‐bearing magnetite particles in the surficial deposits and their absence in bedrock.
Because of their size, composition, and isolated location, the magnetite particles represent a component
of atmospheric dust likely deposited over the past few centuries. The positive correlation of sediment‐
IRM values with amounts of potential plant nutrients reveals the importance of atmospheric dust to soil
fertility over much of the American Southwest. Subsequent disturbance of landscapes, by domestic live-
stock grazing as an example, commonly results in wind erosion, which then depletes exposed surfaces
of original aeolian magnetite and associated fine‐grained sediment. Declines in soil fertility and water‐
holding capacity in these settings can be estimated in some field settings via decreases in magnetic suscep-
tibility, relative to nearby undisturbed areas. Along gentle hillslope gradients of the Colorado Plateau, field
measures for aeolian magnetite demonstrate that the redistribution of deposited atmospheric dust influences
landscape‐level patterns in the distribution of invasive exotic plant species. Our results indicate that envi-
ronmental magnetism has high potential for assessing the development and degradation of dry landscapes
elsewhere.
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1. Introduction

[2] Concerns about ongoing and future changes in
the physical and biotic compositions of dryland
ecosystems drive current interest to understand the
recent development and contemporary vulnerability
of these ecosystems, as well as the geological
materials that support them. Despite their generally
barren appearance, dry lands may harbor high levels
of soil fertility, which supports a high degree of
biodiversity, and these regions contribute in many
ways to national, regional, and local economies.
Dry landscapes are particularly sensitive to envi-
ronmental change because they consist of wide-
spread surface exposures of lithogenic substrates
(rock‐derived soil and surficial deposits) with
sparse vegetation, rendering these surfaces vulner-
able to erosion by wind and water. Dryland areas
contribute a disproportionate fraction of global
airborne dust that can affect climate, soil fertility in
far‐distant ecosystems, melting rates of ice and
snow, as well as human health and infrastructure.

[3] This paper addresses topics in deposited dust,
contemporary surficial processes, and current
nutrient status of dryland ecosystems from envi-
ronmental magnetic investigations of upland soil
and surficial deposits in the American Southwest.
New data are combined with previously published
results to (1) identify regional spatial patterns in
mineral dust deposited on mostly sandy dryland
surfaces that has been recently deposited across
landscapes and redistributed by geomorphic pro-
cesses, (2) elucidate the influence of such dust on
current ecosystem fertility, and (3) recognize losses
in dust and related soil fertility caused by human
disturbances of landscapes within the past
approximately 150 years. Finally, this paper
presents examples about how simple magnetic
susceptibility field measurements can applied to
assess soil fertility on the basis of ongoing gains
(dust deposition) or losses (wind erosion) of aeolian
magnetite, under conditions where the magnetite is
associated with potential plant nutrients. The
magnetic results further yield insight into contem-
porary soil‐geomorphic relations that may promote
the deleterious spread of invasive grasses within
dry lands.

[4] Some of the first research in environmental
magnetism investigated erosion and sediment
transport by wind [Thompson and Oldfield, 1986;
Evans and Heller, 2003]. Applications of envi-
ronmental magnetism to aeolian processes and
deposits have covered an enormous range of spe-

cific topics that include records of past climate
change from deposited dust in terrestrial and
marine settings, linkage of airborne metal pollution
with anthropogenic sources, and characterization of
Fe oxide mineralogy in modern and Quaternary
dust [e.g., Bloemendal and deMenocal, 1989;
Maher and Thompson, 1999; Liu et al., 2007;
Lázaro et al., 2008; Maher, 2009]. Many envi-
ronmental magnetic investigations of contemporary
dry landscapes have been motivated to understand
the influence of precipitation on the origins of iron
oxide minerals in thick loess deposits with appli-
cation to paleoclimatic interpretations [Maher et
al., 2003; Maher, 2009]. Other environmental
magnetic studies have probed possible desert
sources of dust that formed the thick Asian loess
deposits [Maher et al., 2009]. Magnetic study of
source‐region soils has also been conducted to
characterize lithogenic dust from the Asian main-
land so that anthropogenic aerosolic pollutants
could be recognized in dust fall onto South Korea
[Kim et al., 2005]. Several environmental magnetic
studies have examined aeolian processes responsi-
ble for the development of dry landscapes, in par-
ticular bearing on sources of sand and the
distribution of dunes [e.g., Walden et al., 2000;
Newsome and Walden, 2000; Muhs et al., 2003].
Very few environmental magnetic studies, how-
ever, have examined the roles of airborne mineral
dust in the recent development and wind‐erosion
degradation of dry landscapes under natural and
human influences.

2. Settings and Methods

[5] We examine herein upland (non‐riparian) set-
tings in arid and semi‐arid regions of the western
United States, with focus on the Colorado Plateau
(Figure 1). The settings in the Colorado Plateau are
dominantly underlain by Permian to Jurassic
sandstone, siltstone, and limestone and are typical
of most of the Colorado Plateau [Huntoon et al.,
1982; Billingsley et al., 2002]. The surficial de-
posits described here lie directly on sedimentary
rocks that lack magnetite, except as rare inclusions
in quartz grains [Reynolds et al., 2001a]. Magnetite‐
bearing igneous rocks occupy only small areas of
the central Plateau (see Figure 1). The western
and southwestern margins are covered by Tertiary
lavas, dominantly basaltic. In contrast, geologic‐
physiographic provinces surrounding the Plateau to
its west and southwest (generally the upwind
direction) contain large desert areas of felsic (silicic)
igneous rocks [Reed et al., 2005].
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[6] Surficial deposits at two types of settings
(Figure 1 and Table 1) were sampled for laboratory
measurement. One type of setting (represented by
sample groups 1 and 2 (Table 1)) included sedi-
ment‐filled depressions on mesa tops and slickrock
buttes formed on mostly flat‐lying sedimentary
rocks (Figure 2). These settings were chosen
because they consist of surfaces isolated from
alluvial and colluvial sedimentation and, thus, fine‐
grained sediment at these sites might contain aeo-
lian dust.

[7] At each of these group‐1 and ‐2 sites, the
sediment was covered by biologic soil crusts
(BSC). Biologic soil crusts are important compo-
nents in many deserts, because they protect surface
materials from erosion, absorb water, promote
water infiltration, and add atmospheric nitrogen
and carbon to soils [Belnap and Gillette, 1998;

Belnap and Lange, 2003]. The BSC also traps dust
because of its roughness and its ability to bind
particles within a cyanobacterially produced net-
work of interlocking filaments. Isolated sites were
selected to represent surfaces that had never been
disturbed by human activity, with the exception of
site 8U‐5, which had been grazed by domestic
livestock until 1975. Group 1 sites are clustered in
the central Colorado Plateau and have been previ-
ously examined for properties of bulk sediment
(<2‐mm fraction) [Reynolds et al., 2001a]. Group 2
sites provide spatial coverage across the Colorado
Plateau, extending from the eastern edge of the
Mojave Desert on the west to southeastern Utah on
the east. Goldstein et al. [2008] have reported on
the fine‐fraction (<63 mm) sediments at these sites.

[8] The second type of setting consists of grass-
lands and shrublands on gentle slopes, not greater

Figure 1. Generalized geologic map of the southwestern United States showing locations of sampling sites. Site
8U‐5 is indicated by stippled square in the inset map. Green line denotes outline of the Colorado Plateau.
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than 3–4° (Figure 2). This setting was chosen for
investigation to elucidate downslope changes in
soil properties and how these properties influenced
plant community composition, including the dis-
tribution of exotic species such as Bromus tectorum
(cheatgrass). Surficial sediments at these settings
(group 3 (Table 1)) are sands, loamy sands, and
sandy loams, having been derived mainly from
sandstones in the headwalls above the slopes. One
grassland site has remained undisturbed (never‐
grazed (NG) site [Reynolds et al., 2006a]). The
BSC on the NG surface is well established in a
mature association of lichens, mosses, and cyano-
bacteria. Three other grassland surfaces in
Canyonlands National Park (CNP) were previously
used for livestock grazing until the mid‐1970s,
when livestock use ceased in the Park. The his-

torically grazed grasslands at sites HG‐1 and HG‐2
[Neff et al., 2005; Reynolds et al., 2006a] are
surrounded by Permian Cedar Mesa Sandstone as
is the NG grassland. The previously grazed grass-
land at Grays Pasture (HG‐3) is formed on Jurassic
Navajo Sandstone, as is another grassland (Island,
1869‐m elevation) located north of HG‐3 on lands
that are currently grazed. In addition to this pair of
grasslands on Navajo Sandstone soils, comparisons
of formerly and currently grazed areas were made
at two shrubland sites. One shrubland site (Stair-
case, 1940‐m elevation) also is on soils derived
from Navajo Sandstone, whereas the second
shrubland site (Page, 1227‐m elevation) is on soils
formed from Jurassic Entrada Sandstone. At the
Staircase site, livestock have been excluded from a
0.3‐ha study area that was fenced off in 1967. At

Figure 2. Photographs showing field sites. (top left) Sediment‐filled depression characteristic of group‐1 and ‐2 sites;
(middle left) site NG, line indicating location of transect, people standing near position 8 (Figure 7a); (bottom left) site
HG‐1, line indicating location of transect, person in foreground near position 2 and downslope end of the line near
position 6 (Figure 7b); (bottom right) site HG‐2, line indicating location of transect looking downslope (Figure 7c); and
(top right) site HG‐3, line indicating position of transect looking up slope (Figure 7d).
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the Page site, livestock have been excluded from
lands adjacent to a highway by a fence constructed
in the late 1960s.

[9] Although natural factors and processes over at
least 40,000 years have produced a variety of sur-
ficial deposits and paleosols in the study region
[Reheis et al., 2005; Reynolds et al., 2006b], we
report here on sediment samples and field mea-
surements collected within the upper 10 cm of the
surface. This shallow depth interval exerts funda-
mental controls on ecosystem dynamics (princi-
pally on establishment and growth of herbaceous
plants, and on the capture and retention of soil
resources) and records important differences bear-
ing on landscape stability and vulnerability to
change across the study region.

[10] The ages of the sampled deposits are difficult
to determine precisely. Group 1 and 2 samples
typically consist of three depth intervals in a
deposit (0–1 cm, 1–2 cm, and 2–5 cm). The top
sample was taken from mature BSC (a community
of cyanobacteria, lichen, and moss) that is esti-
mated to represent accumulated sediment over
about 100 years [Belnap and Lange, 2003], with the
exception of site 8U‐5 that lacked lichen and moss.
Sediment mixing within some deposits related to
bioturbation is expected [Reynolds et al., 2001a].
Group 3 samples were taken in the 0‐10‐cm‐depth
interval that included BSC, where present. In the
undisturbed site (NG), the BSC was well devel-
oped, but in disturbed settings, the BSC was
immature and weakly developed, or absent. The
shallow, young, and almost constantly dry sedi-
ment (except following rare precipitation events) at
all settings shows no evidence of mineral alteration
related to soil formation.

[11] This report presents two types of data: (1) lab-
oratory data on samples from surficial deposits and
bedrock, and (2) data from field measurements. In
the laboratory, magnetic measurements were made
on bulk sediment dried in air and rock fragments
placed securely into 3.2‐cm3 plastic cubes and nor-
malized for sample mass. Earlier reports interpreted
magnetic, chemical, textural, results on more than
1600 returned samples [Reynolds et al., 2001a,
2006a; Neff et al., 2005; Goldstein et al., 2005,
2008;Miller et al., 2006; Fernandez et al., 2008]. In
this article, new results on group‐1 samples are
reported for the <63‐mm fraction (silt and clay, or
fines) and for group‐2 samples for bulk sediment
(<2‐mm fraction). Data on samples (<2‐mm frac-
tion) from grassland hillslope sites NG and HG‐1
have been reported previously [Reynolds et al.,

2006a], and new results from hillslope sites HG‐2
and HG‐3 are presented here. None of the field
measurements reported here have been previously
presented.

[12] Magnetic susceptibility (MS) was determined
in the laboratory in a 0.1 milliTesla induction at
frequencies of 600 Hz and 6,000 Hz, using a
Sapphire Instruments susceptometer with a sensi-
tivity better than 2 × 10−9 m3 kg−1. As a test for ultra
fine‐grained pedogenic magnetization carried by
superparamagnetic (SP) grains, frequency depen-
dence of MS (FDMS) was defined as (MS600 Hz −
MS6000 Hz)/MS600 Hz) × 100. Isothermal remanent
magnetization (IRM) was acquired after exposing a
sample to a strong magnetic field, first at 1.2 Tesla
(T) and then at a backfield of 0.3T. Remanence was
measured using an Agico JR‐5A (90‐Hz) spinner
magnetometer with a sensitivity of about 10−5 Am−1.
Hard IRM (HIRM) was calculated as (IRM1.2T −
IRM0.3T)/2 and the S parameter as IRM0.3T/IRM1.2T.
High S values (to a maximum value of 1) indicate
large amounts of magnetite relative to hematite, and
decreasing values indicate increasing amounts of
hematite.

[13] Reflected‐light microscopy complements our
magnetic measurements by helping to determine the
types, amounts, and grain sizes of magnetic mi-
nerals. In this way, reliable identification of differ-
ent Fe‐Ti oxide minerals can be made on grains
larger than about 3 mm in diameter, and the presence
of iron oxide can be discerned from grains as small
as about 1–2 mm. The grains were prepared as po-
lished grain mounts after isolation from the bulk
sediment in a pumped‐slurry magnetic separator
[Reynolds et al., 2001b].

[14] From the beginning, this research was partly
intended to develop tools for field investigations of
surficial soil properties in relation to land use and
the spatial distribution of invasive plant species.
At the outset of our studies on dryland ecosystems
of the Colorado Plateau, field measurement of
magnetic susceptibility revealed differences
between bedrock units and their overlying soil and
surficial deposits. Subsequent laboratory‐based
investigation to examine the reasons for these dis-
crepancies has recently allowed us to use field‐
based measurements of MS to characterize rapidly
the magnetic properties of dryland surficial deposits
and to improve our understanding of the conditions,
causes, and consequences of variations in magnetic
mineralogy in specific dryland settings. At the NG
site, field measurements of MS were taken at sys-
tematic 5‐ or 10‐m intervals along 20–40m transects
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located in permanentlymarked plots where dynamics
of the invasive exotic annual grass Bromus tectorum
have been studied since 1996 [Belnap and Phillips,
2001]. Plots at this site differ from each other with
respect to their geomorphic setting and slope
position. At the Island, Staircase, and Page sites,
MS measurements were taken at systematic five‐
pace intervals along transects that traversed 0.25–
0.5 ha within paired formerly and currently grazed
areas. Sampling at each of these three sites was
conducted on gentle (<3°) backslopes in similar
geomorphic settings. The field‐based MS instru-
ment was a model SM‐20 from ZH Instruments,
having a sensitivity of 1 × 10−6 SI units, that senses
depths less than 10 cm below the surface.

3. Results and Interpretations: Dust
Concentrations and Dust‐Fertility
Relations

3.1. Magnetic Properties of Sediments
in Isolated Settings

[15] The magnetic properties of sediments on iso-
lated dry landscape surfaces differ greatly from
their underlying bedrock where examined over the
Mojave Desert, Great Basin Desert, and Colorado
Plateau of western United States (70 sites
[Reynolds et al., 2001a, 2006c; Goldstein et al.,
2005, 2008; H. Goldstein and R. Reynolds,
unpublished data, 2008]). For group‐1 sites, values
of highly correlated (R2 = 0.96) bulk‐sediment MS
and IRM are much greater than the MS and IRM
values of associated underlying bedrock (Figure 3).

At individual sites, bulk‐sediment IRM values are
typically larger than those of the associated bed-
rock by a factor >20. The fine‐fraction samples in
group 1 have significantly higher values of strongly
correlated MS and IRM (R2 = 0.98 (Figure 3)) than
do the corresponding bulk‐sediment samples (R2 =
0.96), indicating that magnetic minerals are pref-
erentially concentrated in the fines. Strongly cor-
related (R2 = 0.98) values of MS and IRM for
group‐2 samples (fines from isolated surfaces from
eastern California onto the Colorado Plateau) are
also much higher than corresponding values for
bulk sediment and underlying bedrock [Goldstein
et al., 2008].

[16] Other contrasts and similarities among surficial
deposits are further revealed when groups 1 and 2
are recast within particle‐size classes by regional
location (Mojave Desert and Colorado Plateau)
(Figure 4). The fine‐fraction sediment has signifi-
cantly higher (P < 0.001) MS, IRM, and HIRM
values compared with bulk sediment for each of the
depth categories and with associated bedrock
(Figures 4a–4c and Table 2). With respect to the S
parameter (Figure 4d), values for fine and bulk
fractions from both regions are high relative to
associated underlying rock. Such differences are
magnified when comparing S values in fine sedi-
ments with those of underlying rock having suffi-
cient hematite concentrations to impart red hues to
the rock (Figure 5). Other comparisons among S‐
parameter results indicate the following: (1) for
Mojave fines, mean S (0.86; standard deviation,
0.06; N = 15) is significantly greater (P = 0.016)
than mean S for Colorado Plateau fines (0.79;
standard deviation, 0.09; N = 47); and (2) fine and
bulk fractions of the Mojave samples are not sig-
nificantly different, but Colorado Plateau fines
have significantly higher S than corresponding bulk
samples (Figure 4d and Table 2).

[17] On the basis of petrographic examination,
magnetic minerals in surficial sediments consist
mainly of strongly magnetic magnetite and titano-
magnetite (typically ∼4–20 mm), commonly inter-
grown with hematite, ilmenite, pseudobrookite, and
ilmenorutile. Such Fe‐Ti oxide minerals, which
formed originally in igneous rocks during initial
cooling [Haggerty, 1976], are absent in the asso-
ciated bedrock units. The association of magnetite
and Ti is indicated by increasing Ti with increasing
IRM (Figure 6). Spherical, silt‐size (<20 mm)
magnetic particles are also found rarely and
exclusively in sediments of the biologic soil crust.
The spherical particles mostly consist of magnetite
and silicates in metallographic textures that are

Figure 3. Plot of magnetic susceptibility against iso-
thermal remanent magnetization for group‐1 sediments
(cross, bulk samples; open symbols, samples composed
of silt and clay) and associated bedrock (n = 14; clus-
tered red symbols).
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identical to textures in magnetic fly ash particles
[Locke and Bertine, 1986]. Some hematite in the
surficial sediments appears to have been reworked
from bedrock, such as large (80–160 mm) specular
hematite that formed diagenetically in red beds.

3.2. Magnetic Evidence for Far‐Traveled
Dust

[18] The silt‐size magnetite and titanomagnetite in
the surface sediments that are absent in nearby
sedimentary rocks are the only observed mineral-
ogic sources for the large differences in magnetic
properties between sediments and rock. Relations
between magnetite (indicated by IRM and MS
values) and Ti concentrations are consistent with
petrographic observations of ubiquitous titaniferous
magnetite in these sediments. The presence of these

strongly magnetic minerals in topographically iso-
lated settings can be explained only as windborne
dust. The presence of fly ash magnetite is further
evidence for aeolian input [e.g., Hunt, 1986]; these
particles were likely produced at coal‐burning
power plants, which are >100 km from most
sampling sites. The higher S parameter values for
sediments vis‐à‐vis hematite‐bearing rocks also
reflect the airborne addition of detrital magnetite.
Petrographic observations and S‐value data indi-
cate that some hematite is added as dust to these
landscapes and that some proportion of HIRM in
sediments atop red beds is directly inherited from
the bedrock.

[19] The magnetic evidence for aeolian dust in
these settings is corroborated by results from geo-
chemical, particle‐size, and X‐ray diffraction

Figure 4. Box plots of magnetic properties of sediment and associated rock from sites in the Mojave Desert (M) and
on the Colorado Plateau (CP). Combined samples denoted as top, uppermost sediment samples at each site, 0–1 cm;
mid, middle samples, 1–2 cm; bot, bottom samples, typically 2–5 cm; rock, bedrock samples. The silt‐plus‐clay frac-
tion is represented by boxes; the median values for the bulk sediments are represented by red lines. The lower (upper)
boundary of each box indicates the 25th (75th) percentile; line within a box indicates median. Error bars above
(below) the box indicate the 90th (10th) percentiles. Insufficient data (n < 9) precluded plotting 10th and 90th per-
centiles for the Mojave Desert sites.
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analyses (references in Table 1). These analyses
reveal two components of sediment in the isolated
settings: (1) a component derived by physical
weathering of local bedrock; and (2) a component
that cannot have been derived from local bedrock
because of greatly different mineralogy, Sr isotopic
composition, and particle‐size distribution. The
silt‐and‐clay size fractions of nearly all pothole
sediments contain elevated abundances of fines in
the range 2–20 mm, consistent with far‐traveled
dust. In addition, field observations and petrologic
results serve to reject the possibility that residual
concentration of strongly magnetic minerals has
resulted from weathering. The possibility that the
magnetic contrasts are related to pedogenic devel-
opment of iron oxides is rejected on the basis of (1)
absence of soil development in the 0–10 cm depths;
(2) highly correlated MS and IRM (R2 > 0.96 for

group 1, 2, and 3 samples), indicating that particles
sufficiently large to have permanent magnetization
dominate MS; and (3) low values of FDMS from
this depth interval [see Dearing et al., 1996].
Group 1 fines had an average FDMS = 2.5%
(standard deviation = 0.3, N = 14), and group 1
bulk sediments had an average FDMS = 2.0%
(standard deviation = 1.8, N = 99).

3.3. Causes for Variations in Dust
Concentrations in Isolated Settings

[20] Within‐ and among‐site variations in magnetic
properties of sediments in isolated settings (Figure 4
and Table 2) do not arise primarily from dilution of
atmospheric dust by coarse‐grained sediment
derived from locally weathered bedrock. Bulk se-
diments from the BSC and underlying deposits at

Table 2. Summary of Magnetic Data and Statistical Analysis for Sediment Samples From Isolated Settings, Grouped by
Locationa

ColoPla Mojave

Sample N Mean
Standard
Error Median Significance Sample N Mean

Standard
Error Median Significance

MS top f 17 4.96E‐07 4.25E‐08 4.53E‐07 a MS top f 5 1.16E‐06 9.86E‐08 1.10E‐06 a
MS mid f 16 4.71E‐07 4.64E‐08 3.88E‐07 a MS mid f 5 1.03E‐06 1.26E‐07 1.03E‐06 a
MS bot f 15 3.95E‐07 5.32E‐08 3.21E‐07 a MS bot f 5 7.81E‐07 1.39E‐07 6.25E‐07 a
MS top b 56 1.07E‐07 6.45E‐09 9.90E‐08 b MS top b 5 3.07E‐07 5.81E‐08 2.54E‐07 b
MS mid b 34 8.77E‐08 7.38E‐09 7.76E‐08 c MS mid b 5 2.85E‐07 6.79E‐08 2.31E‐07 b
MS bot b 31 8.34E‐08 8.95E‐09 6.81E‐08 c MS bot b 5 2.25E‐07 6.06E‐08 1.92E‐07 b
MS rocks 26 6.63E‐09 2.48E‐09 3.47E‐09 d MS rocks 5 9.22E‐09 3.67E‐09 6.53E‐09 c

IRM top f 17 5.66E‐03 5.49E‐04 4.59E‐03 a IRM top f 5 1.43E‐02 1.01E‐03 1.41E‐02 a
IRM mid f 16 5.28E‐03 5.74E‐04 4.12E‐03 a, b IRM mid f 5 1.28E‐02 1.63E‐03 1.30E‐02 a, b
IRM bot f 15 4.44E‐03 7.02E‐04 3.31E‐03 b IRM bot f 5 9.69E‐03 1.65E‐03 8.88E‐03 b
IRM top b 56 1.19E‐03 7.73E‐05 1.05E‐03 c IRM top b 5 3.69E‐03 6.76E‐04 3.07E‐03 c
IRM mid b 34 9.34E‐04 9.16E‐05 7.97E‐04 d IRM mid b 5 3.39E‐03 8.16E‐04 3.03E‐03 c
IRM bot b 31 8.56E‐04 1.10E‐04 7.20E‐04 d IRM bot b 5 2.84E‐03 7.72E‐04 2.83E‐03 c
IRM rocks 31 6.80E‐05 1.12E‐05 5.67E‐05 e IRM rocks 5 5.39E‐05 1.62E‐05 5.66E‐05 d

HIRM top f 17 6.58E‐04 5.56E‐05 7.47E‐04 a HIRM top f 5 9.50E‐04 5.65E‐05 9.62E‐04 a
HIRM mid f 16 6.20E‐04 5.62E‐05 6.63E‐04 a HIRM mid f 5 1.03E‐03 1.03E‐04 9.49E‐04 a
HIRM bot f 16 5.79E‐04 7.26E‐05 6.61E‐04 a HIRM bot f 5 8.54E‐04 8.91E‐05 8.35E‐04 a
HIRM top b 56 2.85E‐04 1.79E‐05 2.78E‐04 b HIRM top b 5 2.83E‐04 6.72E‐05 2.38E‐04 b
HIRM mid b 34 2.51E‐04 2.55E‐05 2.34E‐04 b HIRM mid b 5 3.29E‐04 8.37E‐05 2.68E‐04 b
HIRM bot b 31 2.40E‐04 2.89E‐05 2.35E‐04 b HIRM bot b 5 2.45E‐04 7.50E‐05 2.46E‐04 b
HIRM rocks 26 5.75E‐05 1.48E‐05 2.65E‐05 c HIRM rocks 5 7.48E‐05 3.03E‐05 4.77E‐05 c

S top f 17 0.80 0.02 0.82 a S top f 5 0.88 0.01 0.88 a
S mid f 16 0.79 0.02 0.81 a S mid f 5 0.85 0.03 0.88 a
S bot f 16 0.78 0.03 0.79 a S bot f 5 0.84 0.04 0.87 a
S top b 56 0.67 0.02 0.66 b S top b 5 0.87 0.01 0.86 a
S mid b 34 0.66 0.03 0.69 b S mid b 5 0.83 0.04 0.87 a
S bot b 31 0.64 0.04 0.66 b S bot b 5 0.83 0.07 0.85 a
S rocks 25 0.49 0.06 0.44 c S rocks 5 0.36 0.15 0.21 b

aColoPla, Colorado Plateau samples; Mojave, Mojave Desert samples; N, number of samples; top, mid, bot refer to sample depths: 0–1 cm,
1–2 cm, and 2–5 cm, respectively; f and b refer to fines and bulk sediment particle sizes (see text); Signif, significance at P < 0.05, with
significant differences shown by different letters by magnetic‐property group within a column; MS, magnetic susceptibility in m3 kg−1;
IRM, isothermal remanent magnetization in Am2 kg−1; HIRM, “hard” isothermal remanent magnetization in Am2 kg−1 [King and Channell,
1991];S, S parameter [Thompson and Oldfield, 1986].
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group‐1 sites have the same average silt content
(23%) and similar sand content (67% and 60%,
respectively). At group‐2 sites, sediment at all
depths is also dominated by sand (>50%), and
textural trends with sample depth are lacking
[Goldstein et al., 2008].

[21] Magnetic‐property differences, rather, are
strongly related to regional location and may be
related to time (within‐site vertical extent). Mag-
netite concentrations based on MS and IRM values
in both fine‐fraction and bulk samples are signifi-
cantly higher (P < 0.001) in the sites from the
eastern Mojave Desert than in sites on the Colorado
Plateau (Figure 4 and Table 2). Goldstein et al.
[2008] showed that IRM values for group‐2 sites
declined systematically from west to east. As with
magnetite, hematite concentrations inferred from
HIRM values decline from west to east, except in
the central part of the Colorado Plateau, where
relatively elevated HIRM likely reflects nearby
dust inputs and (or) detritus locally derived from
physically weathered hematite‐bearing bedrock
that is common in this area [Goldstein et al., 2008].
The spatial and temporal patterns in magnetite
concentration are tracked by variations in chemi-
cally immobile elements that reside in high‐density
minerals. For example, Ti concentrations in group‐
2 samples diminish west‐to‐east and mimic
declines in IRM [Goldstein et al., 2008].

[22] The new magnetic results on group‐1 fines
enable tests of previous suggestions [Reynolds et
al., 2001a] that aeolian magnetite inputs to these

surficial deposits have increased over time. For all
sample sets (fines and bulk sediment), MS and IRM
are highest at the top depth interval and diminish
systematically with increasing depth. As shown in
Table 2, such differences at the three depth intervals
are not significant at P < 0.05, except for higher
IRM in Mojave top‐interval fines compared with
those in the bottom interval. Nevertheless, IRM for
Colorado Plateau top‐interval fines (mean, 4.59 ×
10−3 Am2 kg−1) is higher (significant at P = 0.14) than
underlying sediments (mean, 3.66 × 10−3 Am2 kg−1).
Similarly, IRM for Mojave fines in the top layer
(mean, 1.43 × 10−2 Am2 kg−1) is higher (significant
at P = 0.12) than underlying sediments (mean, 1.12 ×
10−2 Am2 kg−1). The very small differences among
S‐parameter values for these samples sets (Table 2)
are consistent with increasing inputs of magnetite,
relative to hematite, over time. The interpretation of
increasing magnetite deposition during the past
century is consistent with results from subalpine
lakes in the Uinta Mountains in northeastern Utah
(about 60–150 km east of Salt Lake City (Figure 1)).
In two lacustrine records that span the past several
thousand years, concentrations of silt‐size and
titanium‐bearing magnetite increase by a factor of
about six in sediments deposited since AD1870.
Such magnetite is lacking in the Precambrian sedi-
mentary bedrock in the catchments for these lakes
and across the mountain range, and it is interpreted

Figure 6. Plot of isothermal remanent magnetization
against titanium in weight per cent determined using
X‐ray fluorescence. Open (closed) symbols, fine‐fraction
(coarse‐fraction) sediments in group‐1; oval encom-
passes results from associated bedrock samples. For the
sediments, R2 = 0.83.

Figure 5. Plot of S‐parameter values for sediments
and associated reddish sedimentary rocks (hematite‐
bearing; plus symbols). For each site, three values are
plotted for surficial sediment. Circles denote top‐most
sample (0–1 cm depth); triangles, intermediate depths
(1–3 cm); squares, bottom sample (typically 3–5 cm);
crosses, bedrock. Sites: 1 represents 493; 2, 29; 3, 55;
4, 54; 5, 7U‐2; 6, 7U‐8 (see Figure 1).
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to have been introduced as far‐traveled aeolian dust
[Reynolds et al., 2010].

3.4. Magnetic Properties of Hillslope
Sediments: Estimates of Dust
Concentrations

[23] Magnetic, chemical, and textural properties of
hillslope sediments (group 3) change downslope.

Isothermal remanent magnetization in the NG
transect increases overall downslope by a factor of
8 along with increasing fines (Table 3). As with
isolated sediments, IRM and MS values of hillslope
samples are much higher than those for nearby
bedrock. Hillslope sediments contain the same
types of magnetic minerals as observed in isolated
sediments and are similarly interpreted to represent
far‐traveled atmospheric dust. Winnowing by wind
has produced sand‐dominated deposits in the upper
parts of the hillslope at NG transect, whereas
sorting by rainfall‐runoff has concentrated fines
downslope to as much as 40%. In this way, fine‐
grained aeolian magnetite that falls evenly across
slopes is concentrated downslope.

[24] Isothermal remanent magnetization of surficial
sediment, rock, and modern dust can be used to
estimate the amount of far‐traveled dust in the
hillslope deposits. As described by Reynolds et al.
[2006a], the mass fraction of dust (dustf) in each
sample is calculated by a binary mixing relation
[Albarède, 1995], in which the IRM of the dust and
rock components (IRMdust and IRMrock, respec-
tively) and mixture concentrations (IRMsed; IRM
of the sediment sample at a transect position) are
known:

dustf ¼ IRMsed� IRMrockð Þ= IRMdust� IRMrockð Þ: ð1Þ

At NG transect, the value for IRMrock (3.87 ×
10−5 Am2 kg−1) was the mean of 19 samples of
Cedar Mesa Sandstone in the region, and IRMdust
(1.24 × 10−2 Am2 kg−1 on sand‐free and organic
matter‐free bases) was measured on modern dust
that was collected in 2‐m high traps over a six‐
month period near the middle of the hillslope. The
IRM values of sediment ranged from 2.64 × 10−4

to 2.14 × 10−3 Am2 kg−1 from the highest to lowest
slope positions. These values respectively corre-
sponded with 2 to 18% dust in the bulk sediment
(Figure 7).

[25] For transects HG‐1 [Reynolds et al., 2006a]
and HG‐2, the IRM value used to represent rock
was the same value as that for NG transect, because
all sites have the Permian Cedar Mesa Sandstone in
common. The IRM for dust (1.37 × 10−2 Am2 kg−1)
at both transects was taken from a dust‐collection
site, located nearly equidistant (∼3.5 km) between
the two transects, using identical methods as at
site NG. For site HG‐3, the average rock‐IRM
value (6.63 × 10−5 Am2 kg−1) was determined from
15 samples of Jurassic Navajo Sandstone exposed
above the hillslope, and the dust‐IRM value (1.54 ×
10−2 Am2 kg−1) was from dust collected over a

Table 3. Summary of Results From Hillslope Transects
Comparing Isothermal Remanent Magnetization, Nutrients,
Estimated Dust Concentrations, and Finesa

Site‐Position IRM Nutrients
Dust
(%)

Fines
(%)

NG‐1 2.64E‐04 1.8 1.8 18.2
NG‐2 8.27E‐04 2.4 6.4 23.3
NG‐3 1.00E‐03 2.5 7.8 23.0
NG‐4 9.39E‐04 2.5 7.3 27.0
NG‐5 1.15E‐03 3.2 8.3 33.2
NG‐6 1.40E‐03 3.6 11.0 27.2
NG‐7 1.98E‐03 4.4 15.7 39.1
NG‐8 1.69E‐03 4.1 13.3 32.8
NG‐9 1.94E‐03 4.3 15.4 32.0
NG‐10 2.15E‐03 4.6 17.1 32.5
NG‐11 2.20E‐03 4.3 17.5 37.3
NG‐12 2.14E‐03 4.5 17.0 36.9
HG‐1‐1 9.68E‐04 2.1 6.8 17.4
HG‐1‐1 9.68E‐04 3.1 6.8 17.4
HG‐1‐2 6.66E‐04 2.6 4.6 18.8
HG‐1‐3 7.66E‐04 2.9 5.3 12.8
HG‐1‐4 9.35E‐04 3.1 6.6 18.3
HG‐1‐5 9.79E‐04 3.5 6.9 14.4
HG‐1‐6 1.50E‐03 5.0 10.7 25.1
HG‐2‐1 1.57E‐04 2.9 0.9 16.6
HG‐2‐2 1.12E‐04 3.1 0.5 4.2
HG‐2‐3 1.57E‐04 3.4 0.9 6.2
HG‐2‐4 1.87E‐04 3.5 1.1 25.9
HG‐2‐5 1.76E‐04 3.2 1.0 2.9
HG‐2‐6 2.52E‐04 3.8 1.6 13.7
HG‐2‐7 1.98E‐04 3.6 1.2 18.5
HG‐2‐8 3.29E‐04 3.9 2.1 3.9
HG‐2‐9 3.03E‐04 4.0 1.9 35.2
HG‐2‐10 4.45E‐04 4.8 3.0 34.1
HG‐2‐11 3.80E‐04 4.5 2.5 21.9
HG‐3‐1 4.03E‐04 3.2 2.2 10.1
HG‐3‐2 6.09E‐04 3.6 3.5 13.5
HG‐3‐3 7.17E‐04 3.4 4.2 11.1
HG‐3‐4 6.99E‐04 3.6 4.1 15.2
HG‐3‐5 6.83E‐04 3.6 4.0 12.4
HG‐3‐6 7.33E‐04 3.9 4.3 14.8
HG‐3‐7 8.09E‐04 3.8 4.8 13.8
HG‐3‐8 7.85E‐04 3.7 4.7 17.7
HG‐3‐9 8.37E‐04 4.0 5.0 20.4
HG‐3‐10 7.22E‐04 4.0 4.3 13.2
HG‐3‐11 1.26E‐03 5.0 7.8 22.5
aSite‐position, hillslope site and position in transect from top (1) to

bottom (highest number); IRM, isothermal remanent magnetization in
Am2 kg−1; Nutrients, nutrient index, sum of normalized elemental
abundances for K, Na, P, Mn, and Zn, as described in text; Dust,
dust concentration based on IRM, as discussed in text; Fines, silt‐
plus‐clay contents in vol. per cent measured using laser‐diffraction
methods.
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six‐month period at a location about 10 km from
site HG‐3. The dust‐IRM values represent only
three samples but are considered reasonable for
estimating dust content in soil. First, the three values
are similar, as expected for a large component of
time‐integrated, well‐mixed, and far‐traveled dust.
Second, the study region that encompasses the four
transect localities lacks dominant local dust sources
that would differentially influence the three dust‐
collection sites.

[26] Compared with undisturbed grassland sedi-
ment, sediment in disturbed grasslands have gen-
erally lower values of IRM that translate into lower
concentrations of dust (Figure 7 and Table 3), and
these samples also have relatively low concentra-
tion of fines (Figures 7 and 8 and Table 3). At site
HG‐1, dust mostly increases downslope, but the
amounts of fines are variable and lack spatial trend.
At site HG‐2, dust content also generally increases
downslope, whereas the fines show extremely large
variation associated with an uneven surface of
small coppice dunes and intervening swales created

by aeolian activity. The pattern and topographic
expressions of these aeolian features, along with
the presence of immature cyanobacterial BSC
across most of the sampled area, suggest their
recent formation, likely within the past approxi-
mately 100 years. The dust concentrations at HG‐2
apparently represent partial or incipient recovery of
nutrient status after disturbance. At site HG‐3, se-
diments show a systematic increase in dust (about
2–8%) and overall downslope increase in fines
(10–23%). In summary, the amounts of dust esti-
mated from magnetic measurements show nearly
systematic downslope increases over most of the
length of each transect, despite different patterns
and trends in the amount of fines at the disturbed
settings (Figures 7 and 8).

[27] Results from HG‐3 greatly strengthen previ-
ous, preliminary concepts [Reynolds et al., 2006a]
about geomorphic controls on the distribution of
dust‐derived nutrients on dryland surfaces. The
prior results were based on the NG and HG‐1
localities at nearly identical elevation, in close

Figure 7. Plots of the abundances of aeolian dust (closed symbols) and measured fines (silt‐plus‐clay fractions
(open symbols)) with position in the transect (sample numbers increase downslope) at (a) site NG, (b) site HG‐1,
(c) site HG‐2, and (d) site HG‐3. Figures 7a and 7b are from Reynolds et al. [2006a].
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proximity, and having identical bedrock (Cedar
Mesa Sandstone that contains interbedded silty
arkosic sandstone). These similarities provided
necessary conditions to provide a test for the effects
of past disturbance. In addition to sitting in a cooler
and wetter environment than at the NG and HG‐1
settings, site HG‐3 is on a different bedrock sub-
strate, the Navajo Sandstone, having different
mineralogy and texture. Compared with settings in
the Cedar Mesa Sandstone, sediments derived from
the Navajo Sandstone at HG‐3 contain little locally
derived calcite and hematite, and they contain
coarser sand. The results from HG‐3 expand the
scope of previous conclusions, based on one type
of geologic and climatic setting, by representing
different and more extensive settings (in space and
elevation) underlain by Navajo Sandstone.

3.5. Dust and Nutrients

[28] The contribution of dust to soil nutrients can
be elucidated from the associations between ele-
mental abundances and dust concentrations esti-
mated from IRM values. Potential plant nutrients
were determined from concentrations of K, Na, P,
Mn, and Zn in each sample measured by ICP ele-
mental analyses (methods and data described by
Goldstein et al. [2005, 2007]). Magnesium was not
used because some of it is likely associated with
rock‐derived calcite at many sites, and Fe was not
included because of its highly variable occurrence
in bedrock related to hematite. The nutrient index

was calculated in the following ways. For group 2
samples, individual elements were averaged by
depth categories for all sites and then a given ele-
mental concentration in each sample in a depth
category was normalized to the highest average for
that element. The nutrient index of each sample
was determined by summing the normalized values
of each of the nutrient elements. For group 3
samples (all from the upper 10 cm), the value for
each element in each sample was normalized to the
maximum value for that element in the entire
transect. The normalized values were summed
within each sample to yield the nutrient index for
that sample.

[29] The IRM values for sediment fines in group‐2
sites show positive correlation (R2 = 0.54; all
depths combined) with potential plant nutrients
(Figure 9). This result reveals that higher con-
centrations of magnetite‐bearing dust are associ-
ated with higher amounts of potential nutrients, and
it thus suggests that magnetic measures for mag-
netite can provide rough indications of soil fertility
(as well as surface water‐holding capacity) in these
kinds of settings. The large variability is not sur-
prising considering that the magnetite‐bearing dust
represents nearly direct fallout at these isolated
sites with likely variable degrees of subsequent
bioturbation.

[30] At all hillslope sites, IRM values and potential
nutrients strongly correlate (Figure 10). The tight
relation between IRM (mostly from magnetite and

Figure 8. Plots of fines (silt‐plus‐clay fractions) against isothermal remanent magnetization (IRM) for hillslope tran-
sect samples. Solid circles, site NG; squares, site HG‐1; inverted triangles, site HG‐2; triangles, HG‐3.
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a proxy for dust) and relative increases in nutrients
reflects particle sorting to segregate preferentially
the fine‐silt fraction that carries most of the dust.
The highest IRM value at each of sites HG‐1 and ‐3
represents relatively fine‐grained sediment in a
swale at the lowest elevation in each transect. Cor-
respondence between IRM and nutrients (Figure 10)
is much stronger than between IRM and fines (silt
plus clay (Figure 8)) contents. This comparison

underscores the condition that coarse silt does not
contribute nutrients to the extent as do fine silt sizes
(<20 mm). Differences in slopes of the regression
line fits are not important because the index re-
presents relative abundances. The important result is
that increasing IRM from dust is linked with
increasing soil nutrients. Using an approach linking
IRM to elemental concentrations, Reynolds et al.
[2006a] estimated that mineral dust provided 30–
90% of the potential plant nutrients in the NG se-
diments and 20–70% of the nutrients in the HG‐1
sediments.

3.6. Magnetic Evidence for Wind‐Erosion
Depletion of Nutrients

[31] The much higher range of IRM values at the
undisturbed site (NG) indicates that more dust
currently resides in NG soil than in soil at the other
sites. This observation led to the interpretation that
historically grazed, disturbed surfaces with broken
BSC preferentially lost their magnetite and nu-
trients as a result of higher degrees of wind erosion
[Neff et al., 2005; Reynolds et al., 2006a]. This
interpretation has since been supported by analysis
of a 10‐year monitoring record of aeolian sediment
transport and wind erosion at NG and at three
nearby sites that have similar disturbance histories
to sites HG‐1, ‐2, and ‐3 [Belnap et al., 2009]. This
interpretation is further strengthened by investiga-

Figure 9. Plots of nutrient index against isothermal
remanent magnetization (IRM) for group‐2 samples.
The nutrient index is the sum of normalized abundances
of K, Na, P, Mn, and Zn. Solid circles, 0–1‐cm depths;
inverted triangles, 1–2‐cm depths; squares, 2–5‐cm
depths. Regression line gives R2 = 0.54.

Figure 10. Plots of nutrient index against isothermal remanent magnetization (IRM) for group‐3 samples. The nutri-
ent index as for Figure 9 and symbols as for Figure 8.
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tions of landscape conditions (soil organic carbon
and nitrogen, laboratory measurements of MS, and
texture) at currently grazed surfaces and at never‐
grazed surfaces on the Colorado Plateau [Fernandez
et al., 2008]. In comparisons between grazed and
never‐grazed surfaces, paired by bedrock type, the
grazed surfaces showed evidence of wind‐erosion
depletion of nutrients, magnetite, and fines.

4. Applications Using Field Instruments

4.1. Evidence for Accumulation
and Erosional Loss of Dust

[32] In sandstone‐dominated settings, field mea-
surements of MS in formerly grazed and currently
grazed sites are consistent with laboratory mea-
surements described above where regimes of soil‐
surface disturbance have differed long enough for
detectable MS patterns to emerge. At the Island
site, mean MS in a grassland rested from livestock
use for 30 years was twice the mean that was
measured in a comparable currently grazed grass-
land (Figure 11). Similarly at the Staircase site,
mean MS in a shrubland rested from grazing for
about 39 years was 1.6 times greater than that
measured in the adjacent currently grazed shrub-

land. Mean MS at the Page site also was 1.6 times
greater in the shrubland rested for 40 years than in
the adjacent grazed shrubland (Figure 11). In each
case, differences are interpreted as the net effects of
the post‐grazing accumulation of dust at formerly
grazed sites as well as chronic depletion and lack of
accumulation of soil fines at currently grazed sites
due to frequent surface disturbance by livestock.

4.2. Invasive Plant Patterns in Relation
to Abundance of Aeolian Magnetite

[33] Observed associations between laboratory
measurements of IRM and rates of establishment
and growth of the invasive annual grass Bromus
tectorum in sandstone‐derived soils of CNP are
attributable to the positive correlation between
magnetite abundance and silt and clay fractions
which control water‐holding capacity and nutrient
bioavailability at the soil surface [Miller et al.,
2006]. These associations were subsequently sup-
ported by field measurements of MS at the NG site
in CNP (Figure 12). There we found a curvilinear
relation between field MS and the frequency (per-
cent occurrence) of Bromus in 1‐m2 quadrats
placed along transects traversing long‐term study
plots.

Figure 11. Mean field measurements of MS (±95 percent CI) for formerly grazed (closed symbols) and currently
grazed (open symbols) areas at two sites with soils derived from Navajo Sandstone and one site with soils derived
from Entrada Sandstone. For all three sites, t tests indicate that means for formerly and currently grazed areas are
significantly different (Island, n = 30 formerly grazed and 41 currently grazed measurements, df = 69, t = 12.59,
p < 0.0001; Staircase, n = 27 formerly grazed and 27 currently grazed measurements, df = 52, t = 12.78, p <
0.0001; Page, n = 10 formerly grazed and 10 currently grazed measurements, df = 18, t = 4.85, p < 0.001).
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[34] This curvilinear relation suggests a threshold
response of Bromus establishment to increasing
levels of soil fines through effects on moisture
availability to seeds at or near the soil surface. The
NG site in CNP may represent an ideal setting for
detecting such a response because of (1) sandy
soils and (2) the lack of surface disturbance that
would otherwise result in seed burial and improved
soil‐moisture conditions relative to those experi-
enced by seeds on the soil surface [e.g., Evans and
Young, 1972]. In dryland ecosystems, biological
processes such as seed germination and nutrient
cycling are recognized for exhibiting threshold
responses to temporal pulses in water availability
triggered by precipitation events [Noy‐Meir, 1973;
Beatley, 1974; Schwinning et al., 2004]. Soil‐sur-
face heterogeneity also is known to affect the
dynamics of seedling establishment [Maestre et al.,
2003]. Therefore, the threshold concept should be
equally applicable to spatial patterns in soil re-
sources. The relation between dust content (field
MS) and Bromus occurrence also suggests that
chronic wind erosion and depletion of soil fines in
frequently disturbed settings may diminish the
suitability of sandy soils for Bromus in some cases.

5. Discussion

[35] Dust has been identified in soils and surficial
deposits from particle‐size analysis; geochemistry

of major, minor, and trace elements; silicate and
clay mineralogy, and isotopic studies [Marchand,
1970; Jackson et al., 1971; McFadden et al.,
1987; Wells et al., 1987; Reheis et al., 1995;
McDonald et al., 1995; Muhs et al., 2007, 2008].
Importantly, far‐traveled dust is recognized as a
source of nutrients in many terrestrial ecosystems
[Swap et al., 1992; Chadwick et al., 1999; Vitousek
et al., 1999; Field et al., 2010]. Moreover, a large
body of literature has documented the influences of
far‐traveled atmospheric mineral dust in the
development of dryland soils and landforms [e.g.,
Wells et al., 1987; McFadden et al., 1987]. Dust
falls evenly on landscapes, but slope wash pro-
cesses in deserts can transport modern dust to lower
elevations across hillslopes [Verrecchia et al.,
1995; Kidron and Yair, 1997; Shachak and
Lovett, 1998]. On Lanzarote (Canary Islands),
Late Quaternary Saharan dust has been redis-
tributed from highlands into valleys by colluvial
geomorphic processes, such that valley‐fill deposits
can be interpreted as a paleoclimatic archive from
dust‐fall history [von Suchodoletz et al., 2009].

[36] We demonstrate here that environmental
magnetism can be used to identify recently
deposited dust on surfaces that have undergone
little modification over at least a century and on
topographically uneven terrain where dust is re-
distributed by geomorphic processes. In the
undisturbed NG site, large downslope increases in

Figure 12. Frequency (percent occurrence in 1‐m2 quadrats) of the invasive exotic grass Bromus tectorum as a func-
tion of field magnetic susceptibility measurements in plots at the NG site. Fitted curve is a 3‐parameter logistic model
(R2 = 0.67).
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magnetite abundance reveal the re‐deposition and
subsequent concentration of dust along with
potential plant nutrients (Figure 10). Human
activities on fragile dryland ecosystems, such
grazing by domestic livestock, commonly expose
surfaces or break protective soil crust that then
promote soil redistribution and alter soil resources,
such as fertility and water‐holding capacity. Envi-
ronmental magnetic methods, including use of
simple handheld magnetic susceptibility instru-
ments, can be used to recognize such effects of past
and ongoing disturbance in some settings. Sys-
tematic downslope increases in concentration of
aeolian magnetite across previously disturbed hill-
slope site HG‐2, having greatly varying sand and
silt content, imply downslope redistribution and
concentration of dust (Figures 7 and 10). The
pattern in magnetite occurrence is associated with a
similar pattern in potential plant nutrients that
apparently reflects partial recovery of nutrient
status since grazing ceased there about 35 years
ago. Buildup of fines and renewal of nutrient
concentrations in these previously grazed settings
are likely to be greatly enhanced by trapping of
atmospheric dust by BSC [Danin and Ganor,
1991], which require about a century for mature
development [Belnap and Eldridge, 2001; Belnap
and Warren, 2002]. Even if the surface at HG‐2
does not undergo further modification by dune
remobilization, recovery to fertility levels as found
at the NG site will take many more decades.

[37] Many potential plant nutrients, such as P, Zn,
Na, Ca, and K, are not found in magnetite but
instead are contained in lithogenic dust that is
transported with aeolian magnetite. The clay mi-
nerals, smectite and chlorite, have been identified
by X‐ray diffraction in group‐1 surficial sediments
but not in associated bedrock, and these aeolian
minerals may contribute Na, Ca, Mg, and Mn to
soil. Aeolian feldspars, illite, calcite, and dolomite
can contribute Ca, Mg, Na, and K. These minerals
have been found in both the dust fraction and in
some associated bedrock samples, with the excep-
tion of dolomite that has not been found in group‐1
bedrock samples. Zinc may be derived from feld-
spar and phyllosilicate minerals (e.g., biotite).
Phosphorus contents vary widely and in many
different forms in soil across arid and semi‐arid
ecosystems [Lajtha and Schlesinger, 1988], the
sources for which include dust and bedrock [Neff et
al., 2006]. Recent studies of alpine and subalpine
lakes strongly suggest increased additions of air-
borne P to ecosystems in the American West within
the past approximately 60 years, thereby implicat-

ing sources from agricultural fertilizer [Neff et al.,
2008; Reynolds et al., 2010].

[38] The aeolianmagnetite described herein does not
fingerprint specific dust sources for several reasons.
First, fine‐grained sediments at dust sources in
western North America are commonly mixtures
from multiple alluvial sources and older aeolian
deposits. Second, atmospheric mixing of dust from
many sources occurs during regional windstorms.
Nevertheless, the distribution of rock types in the
American Southwest suggests that much of the
aeolian magnetite and potential plant nutrients at
settings on the central Colorado Plateau (inset in
Figure 1) were derived from sources west and
southwest of the Plateau, as much as several
hundreds of kilometers distant. The central Colorado
Plateau is remote from large areas of igneous
rocks (Figure 1). Although magnetite‐bearing
intrusive rocks lie within 100 km of this part of the
study area, most surficial sediments derived from
these rocks do not lie in major upwind areas of our
study sites. Moreover, magnetic‐property varia-
tions in dust‐bearing surficial sediments across this
study area lack patterns consistent with dust sour-
ces related to relatively nearby igneous centers. The
patterns of diminishing IRM from the eastern
Mojave Desert to the central Colorado Plateau and
the similar declines in Ti concentrations in group‐2
samples are together consistent with dust sources in
the Mojave Desert. Dust plumes that originate in the
Mojave Desert and that extend onto the Plateau have
been observed in satellite images [Chavez et al.,
2002]. These spatial relations and observations
strongly imply that much of the aeolian magnetite
found in the central Colorado Plateau has been
derived from outside the Colorado Plateau and likely
also from areas of volcanic rocks at the western
margins of the Plateau. A shift in dust sources during
the past century is surmised from higher Zr/Ti in the
BSC at group‐1 sites [Reynolds et al., 2001a] that
corresponds with apparent magnetite enrichment.
These relations suggest recently increased con-
tributions of dust from felsic igneous rocks, which
are common in the Mojave Desert and the Great
Basin Deserts, and that have higher Zr/Ti than mafic
rocks, which are common at the western margins of
the Plateau. The timing and location of these inferred
changes in dust sources imply that human dis-
turbances in developing regions remote from the
central Colorado Plateau have affected dust fall onto
the Plateau. Urbanization, agriculture, surface water
diversion, groundwater withdrawal, military activi-
ties, driving on dirt roads, and off‐road vehicular
recreation are among the human actions that have
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increased over the past century in the American
West and that can generate new dust sources.

6. Conclusions

[39] The magnetic and petrologic results reveal the
presence of detrital magnetite as a component of
far‐traveled aeolian dust deposited in the western
U.S. that has been incorporated into surficial de-
posits derived mostly from local rocks that lack
magnetite. The identification of aeolian dust in
these settings, in conjunction with geochemical
results, demonstrates the importance of dust to the
availability of dryland‐soil resources (nutrients and
water‐holding capacity). Conversely, wind erosion
of these substrates may result in the preferential
loss or redistribution of previously deposited
aeolian dust, thereby diminishing soil resources.
Environmental magnetic methods can be used to
indicate gains and losses of magnetite‐bearing
aeolian dust at these kinds of settings and to eval-
uate the factors that render dry landscapes vulner-
able to degradation.

[40] The environmental magnetic approach can
readily document the presence of magnetite‐bearing
dust in surficial substrates where deposited on geo-
logic terrain mostly lacking in magnetite. The
approach can also be used in regions having wide-
spread magnetite‐bearing bedrock [Reheis et al.,
2009] and at settings on igneous and metamorphic
rocks that contain abundant magnetite. In the central
Mojave Desert, for example, widely separated aeo-
lian deposits are found to have closely similar
magnetic and chemical properties that reflect mixing
of sediments in source regions and the mixing of
dust during atmospheric transport, despite large
differences in properties of underlying bedrock
[Reynolds et al., 2006c]. Rarely, measures of mag-
netite abundance, such as IRM and MS, were found
to have values nearly identical to those of associated
bedrock. Under such coincidences, environmental
magnetic parameters for magnetic grain size and
relative magnetite‐ferric oxide content, such as the
ratio of anhysteretic remanent magnetization (ARM)
to MS, ARM/IRM, and S‐ratio, may establish pet-
rologic differences between surficial sediments and
bedrock, thus providing evidence for atmospheric
dust.
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