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ABSTRACT: Soil erosion is an important component of the global carbon cycle. However, little attention has been given to the role of
aeolian processes in influencing soil organic carbon (SOC) flux and the release of greenhouse gasses, such as carbon dioxide (CO2), to the
atmosphere. Understanding the magnitude and mechanisms of SOC enrichment in dust emissions is necessary to evaluate the impact of
wind erosion on the carbon cycle. This research examines the SOC content and enrichment of dust emissions measured using Big Spring
Number Eight (BSNE) wind-vane samplers across five land types in the rangelands of western Queensland, Australia. Our results show
that sandy soils and finer particulate quartz-rich soils are more efficient at SOC emission and have larger SOC dust enrichment than
clay-rich aggregated soils. The SOC enrichment ratios of dusts originating from sites with sand-rich soil ranged from 2�1–41�9, while
the mean enrichment ratio for dusts originating from the clay soil was 2�1. We hypothesize that stronger inter-particle bonds and the
low grain density of the aggregated clay soil explain its reduced capacity to release SOC during saltation, relative to the particulate sandy
soils. We also show that size-selective sorting of SOC during transport may lead to further enrichment of SOC dust emissions. Two dust
samples from regional transport events were found to contain 15–20% SOC. These preliminary results provide impetus for additional
research into dust SOC enrichment processes to elucidate the impact of wind erosion on SOC flux and reduce uncertainty about the role
of soil erosion in the global carbon cycle. Copyright © 2013 John Wiley & Sons, Ltd.
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Introduction

Soil erosion perturbs the carbon cycle by influencing the distribu-
tion of soil organic carbon (SOC) across landscapes and
soil carbon emissions (van Oost et al., 2007). The dust cycle rep-
resents the processes of aeolian erosion, transport and deposition,
and interacts with many physical, chemical and bio-geological
processes that influence the carbon cycle (Shao et al., 2011).
These processes drive SOC emissions, transport and deposition
at the plant inter-space and patch scales, across landscapes,
and globally through long-range dust transport and deposition
(Li et al., 2008; Field et al., 2010). Few measurements of the im-
pacts of wind erosion on SOC flux exist and discussion of the sig-
nificance of aeolian processes for the carbon cycle is frequently
omitted from the current debate (Evans et al., 2012). Aeolian
SOC flux has received little attention, and our understanding of
the impacts of wind erosion on the global carbon budget remains
rudimentary. Quantitative data on themagnitude of the SOC con-
tent and enrichment within dust emissions are required to eluci-
date the significance of wind erosion for the carbon cycle and
national carbon accounting (Webb et al., 2012).
Globally, an estimated 900–3300 Mt of soil is eroded by
wind from the land surface each year (Shao et al., 2011),
removing preferentially the fine, nutrient- and carbon-rich frac-
tion of soil (Li et al., 2008). With organic carbon contents ~5%
by weight of the eroded material (Franzen et al., 1994; Sterk
et al., 1996; Boon et al., 1998; Ramsperger et al., 1998; Gill
et al., 2000), losses of SOC due to wind erosion would be
equivalent to 45–165 Mt yr–1. These losses have significant
implications for agricultural productivity, soil nutrient redistri-
bution, land degradation, and carbon emissions (Lal, 2007; Li
et al., 2008; Quinton et al., 2010; Doetterl et al., 2012a). How-
ever, much remains unresolved about the contribution of soil
erosion in general, and wind erosion in particular, to carbon
dynamics and the release of greenhouse gas (i.e. carbon diox-
ide, CO2) emissions (e.g. Kuhn et al., 2009; Dymond, 2010;
Chappell et al., in review). This includes rates of SOC erosion
and deposition, the types of carbon eroded by wind, and the
fate of eroded SOC and its conversion to CO2 through mineral-
ization processes. Quantitative data on the enrichment of SOC
in wind-eroded sediment is required as a first step to evaluate
the impact of the dust cycle on SOC flux, and to determine



igure 1. Study area map showing the study area location within
ustralia, the location of the five field sites in relation to the major
ioregions, and significant landforms including the internally draining
ver systems and longitudinal dune fields.
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the net contribution of soil erosion to the global carbon cycle
(Lal, 2003; Doetterl et al., 2012b).
Field measurements (Daniel and Langham, 1936; Li et al.,

2009), remote sensing (Harper et al., 2010) and cesium-137
(137Cs)-derived net soil redistribution mapping (Yan et al.,
2005; Chappell et al., 2012) have been applied to derive esti-
mates of wind-driven SOC redistribution and losses in both
agricultural lands and rangelands. However, few studies have
considered the magnitude of SOC enrichment in dust emis-
sions, or controls on spatial and temporal variations in SOC
enrichment (Goossens, 2004; Van Pelt and Zobeck, 2007, Li
et al., 2009; Kavouras et al., 2012). Without accounting for
the selective removal of SOC from soils and its enrichment in
wind-eroded sediment, estimates of the impacts of wind
erosion on SOC flux likely underestimate the significance of
aeolian SOC redistribution (Webb et al., 2012). There is a
dearth of measured enrichment data necessary to quantify the
impact of the dust cycle on SOC flux, and estimate the magni-
tude and types of SOC transported in dust to determine its
wider bio-geochemical interactions (Ravi et al., 2011).
This paper reports on research to quantify SOC enrichment of
dusts sampled across different land types in the arid and semi-
arid rangelands of western Queensland, Australia. The objec-
tive of the research is to: (i) capture broad spatial variations in
the SOC content of dusts emitted from the north-eastern portion
of Australia’s major dust source area (the Lake Eyre Basin); (ii)
use these data to identify the nature and potential mechanisms
of variations in SOC dust enrichment between land types.
Measuring the enrichment of SOC in dust emissions is intended
to enable more accurate estimates of the dust cycle impact
on SOC flux, and to facilitate more robust evaluations of the
extent to which wind erosion and dust emission contribute to
CO2 emissions.
Materials and Methods

Site description

Five field sites were established across the arid and semi-arid
rangelands of Queensland, Australia (Figure 1). The area
receives on average 200–500 mm yr–1 rainfall and maximum
air temperatures range from > 40 �C in summer (December to
February) to the high teens and mid-twenties in winter (June
to August). The study area is ~672 000 km2 and can be divided
into four bio-geographical regions (DSEWPC, 2011) based
on dominant vegetation communities and the Australian
Soils Classification (Isbell, 2002). These include: (1) Channel
Country, forbfields and grassland downs with intervening
anabranching river systems and woodlands, and small areas
of sand plains and dunes in the floodplain sediments; (2)
Mitchell Grass Downs, undulating downs (grasslands) and
low woodlands on grey and brown cracking clay soils; (3)
Mulga Lands, shrublands and low woodlands on undulating
plains and low hills on red earths and lithosols; (4) Simpson-
Strzelecki Dune fields, arid dune fields and sand plains
with sparse shrublands and hummock grasslands. The
dominant land-use across the study area is livestock (beef and
wool) production.
The five study sites were selected to sample dusts originating

from some of the major dust source areas within the bioregions.
These land types experience a high level of variability in their
susceptibility to wind erosion due to regional climate variability
and livestock grazing (Webb et al., 2009). The ‘Spoilbank’ site
is representative at the landscape scale of open grassy plains
dominated by Astrebla spp. on grey and brown cracking clay
Vertosols (Figure 2). The ‘Croxdale’ and ‘Lake Bindegolly’ sites
Copyright © 2013 John Wiley & Sons, Ltd.
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are located in the Mulga (Acacia aneura) woodlands on deep
read earths (Croxdale) and a sand plain (Lake Bindegolly).
The ‘Ethabuka’ sites are located on a vegetated (predominantly
Triodia basedowii and Zygochloa paradoxa) sand dune crest,
denoted ‘Ethabuka dune crest’, and within a denuded fire scar
(burnt in 2001) in a dune swale (‘Ethabuka dune swale’) on
the eastern fringe of the Simpson Desert.
Sample collection

Fieldwork was conducted between July 2005 and October
2007. Soil samples were collected at each field site for analyses
of their soil characteristics. At each site, 18 soil samples were
taken as cores from the top 5 cm (7�5 cm internal diameter)
and stored in air-tight bags for later analysis. Soil samples were
collected at locations around the ‘Big Spring Number Eight’
(BSNE) wind-vane samplers. A portion of the sampled soil
was bulked to represent source area soil particle size distribu-
tions (PSDs) and SOC content.

Aeolian sediment flux was measured at a monthly frequency
at each site using BSNE wind-vane samplers (Fryrear, 1986)
modified with a rain hood (Shao et al., 1993). Samplers were
positioned on masts at heights of 0�09 m, 0�5 m and 2�0 m to
provide vertical profiles of sediment moving in saltation and
suspension (photographs of the samplers in Figure 2). The
BSNE samplers are ~90% efficient for sampling saltation
material (> 100 mm), and ~40% efficient for sampling dust
(< 10 mm) (Shao et al., 1993; Goossens and Offer, 2000). As
SOC is typically associated with the fine and lighter-weight
fraction of eroded sediment (Goossens, 2004), these sampling
inefficiencies are likely to result in an underestimation of SOC
loads in the wind-eroded material and of SOC enrichment
relative to the dust source area soils. However, BSNE samplers
are preferred because their sampling efficiency is consistent at
a range of wind velocities (Goossens and Offer, 2000). They
were also easily serviced by non-expert volunteers at the
remote field locations, and have been used extensively for
Earth Surf. Process. Landforms, Vol. 38, 1662–1671 (2013)



Figure 2. Images of the five study sites, including: (1) Ethabuka Site 1, located on the crest of a vegetated longitudinal dune in the northeast Simpson
Desert; (2) Ethabuka Site 2, located in a dune swale within an extensive fire scar approximately 2 km northwest of Site 1; (3) Lake Bindegolly, located
in arid Mulga (Acacia aneura) woodland on a sand plain east of the Bulloo River; (4) Croxdale, located in the semi-arid Mulga shrublands to the far
east of the study area; (5a) Spoilbank, located on the open plains of the Mitchell grass downs; (5b) close-up of the Spoilbank vertosol, with crusted
surface broken into sand-size aggregates after trampling by sheep. Ground cover is low in the photograph set, which was taken during the dry season
(August) of 2006 and following a sequence of four years with below-average rainfall. Soils are classified according to the Australian Soils Classification
(Isbell, 2002). This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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sampling horizontal aeolian sediment flux in rangelands,
including studies of nutrient and carbon dynamics (Li et al.,
2007; Van Pelt and Zobeck, 2007). Despite its likelihood to
underestimate SOC enrichment, the benefit of the sampling
approach is its wide spatial distribution and reasonable tempo-
ral coverage which enables comparison of dust and SOC emis-
sions from the different land types. Each month the trapped
sediments were brushed from the BSNE samplers into plastic
vials, which were used for storage until laboratory analysis.
Laboratory analysis

Fine-resolution particle size analyses (PSA) of the parent soils
were conducted using a Coulter Multisizer3. Sub-samples
(40 g) of the bulked site parent soils were analysed in minimally
and fully-dispersed conditions. The minimally-dispersed condi-
tion approximates the natural, aeolian transport-stable condi-
tion of the soil, but entails a small level of dispersion as the
method requires samples to be analysed in a fluid medium.
Soils analysed in a fully-dispersed condition were in particulate
form, with aggregates reduced to their component particles. It
was determined through the PSA that the Spoilbank soil was
highly aggregated; breaking down to reveal large silt and clay
content under the fully-dispersed treatment (described in the
Results section). Therefore, to evaluate the PSD of the soil in
a wind-eroded state we applied an intermediate dispersion
treatment, approximating the condition of the soil exposed to
abrasion from saltating particles that impact the surface
(Butler et al., 2010).
Samples analysed in a minimally dispersed condition were

added to an electrolyte [3% tri-sodium orthophosphate
(Na3PO4�12H2O) and glycerol (C3H8O3) at 50% mi V

–1] and
gently stirred to create a homogeneous mixture prior to analy-
sis. In the intermediate dispersal analysis of the Spoilbank soil,
to represent aggregate break-down under saltation, dry soil
samples were abraded using a reciprocating shaker (SHR-2D
DAIHAN Scientific) at 200 rpm for 10 minutes before being
added to the electrolyte and stirred. A combination of these
chemical and physical dispersion techniques were used to
break down aggregates for the fully-dispersed PSA. Samples
were placed in 10 ml of 10% Na3PO4�12H2O and 10 ml of
Copyright © 2013 John Wiley & Sons, Ltd.
1M sodium hydroxide (NaOH). The samples were then subject
to 3 � 3 second ultrasonic pulses, followed by 10 minutes on a
reciprocal shaker and 12 hours on an end-over-end shaker,
before being added to the electrolyte and gently stirred. The
PSA was conducted using 2000, 1000, 560, 280, 140 and 50
mm tubes with an analytical range of 1�0 to 1000 mm.

A dry-sieving technique was used to determine which size
fraction of the parent soils their SOC was associated with in a
field condition, without dispersion. Five sub-samples of each
of the parent soils were shaken for 15 minutes using a Ro-Tap
shaker (CE Tyler, Ontario). Endecott sieves at quarter-phi size
classes were used. Each fraction was weighed and prepared
for determination of organic matter (OM) content by loss on
ignition (LOI), following the methods of Boon et al. (1998).
The samples were placed in crucibles, re-weighed and then
combusted at 375 �C for four hours to ensure that mineral
carbon (e.g. calcium carbonate, CaCO3) in the samples was not
combusted. The OM content in each sieve fraction was then
expressed as a percentage of the initial soil sample mass. The
standard deviation of the OM content in the sub-samples was
calculated to express the variation in the LOI measurements.

The monthly sediment mass from the BSNE samplers for each
site was measured by weighing the sediment collected in each
sampler at the three sampling heights. A total of 24 complete
sediment profiles were obtained for analysis with sufficient size
(> 0�01 g) for combustion and detection of OM content.
Samples were visually inspected for large vegetation and insect
fragments, which we considered to be separate to the SOC con-
tent of the soil-derived aeolian sediments and removed. The
OM content of the aeolian sediment at each height was deter-
mined using the same LOI technique applied to the parent soils.
The SOC content was calculated for soil and aeolian sediment
samples following Yan et al. (2005), using the relation SOC =
0�58 � OM. This calculation assumes a constant relationship
between the OM and SOC contents of soil types and within dust
emissions (Nelson and Sommers, 1996; Schumacher, 2002).
Data analysis

The streamwise sediment flux q(z) provides a measure of the
mass of sediment moving horizontally (downwind) at height z
Earth Surf. Process. Landforms, Vol. 38, 1662–1671 (2013)
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igure 3. Streamwise sediment flux profiles for selected months at the
ve field sites. The measurements are fitted with power functions that
escribe the decline in sediment mass with height above surface.
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through a given area over a period of time. To calculate q(z),
the mass of sediment collected in each BNSE sampler was
divided by the area of the sampler inlet (2 cm � 5 cm) and
the sampling period (one month) then expressed in weeks
(g m–2 wk–1). The streamwise SOC flux was calculated from
the mass of SOC in each sample. Following McTainsh et al.
(1999), power functions describing the distribution of sediment
with height were fitted using least squares regression to the
monthly sediment flux profiles for each site:

q zð Þ ¼ a zð Þ�b; (1)

where a and b are coefficients of the fitted power function and z is
the height above the surface (in metres). The fit provided an aver-
age r2 value of 0�93 across all of the profiles for the sites. The
power function was chosen over the conventionally used expo-
nential function (Ellis et al., 2009), which provided a poor fit to
the data (average r2 = 0�6, p > 0�4) with a significant reduction
in sediment and SOC mass over the 2�0 m profiles. The large
reduction in sediment mass is likely due in part to the low effi-
ciency of the BSNE samplers in collecting fine (< 10 mm) sedi-
ment (Goossens and Offer, 2000). However, we had insufficient
data to correct for the sampler inefficiency (Goossens and Buck,
2012). Total (integrated) streamwise sediment fluxes (Q) and
SOC fluxes were calculated for each sediment profile by integr-
ating the power functions between the surface and 2�0 m height
(z), and dividing by the duration of the sampling period:

Q ¼
Z 2

0
q zð Þdz; (2)

whereQ has the units ofmass per unit length per time (gm–1 wk–1).
Enrichment ratios for the SOC content in the wind-blown

samples were calculated for each site by dividing the SOC
content of dust at 2�0 m by the SOC content of the parent soils.
To standardize for the effect of variations in saltation flux that
results in dust emission, we also calculated the SOC enrich-
ment in dust relative to the SOC content in the saltation layer,
at 0�09 m (after Chappell et al., 2008). This approach differs
to that of Goossens (2004), Li et al. (2007) and Van Pelt and
Zobeck (2007), whose field sampling campaigns enabled reli-
able calculation of SOC enrichment relative to dust source area
soils. Because our topsoil SOC samples were not collected at
the same interval as the dust samples we believe that the parent
soil samples do not capture the variability in topsoil SOC at the
field sites, the soil SOC content during each wind erosion
event, or the location of the dust source areas. Critically, the
standardized SOC enrichment values enabled between-site
differences in the SOC enrichment of dust emissions to be
determined, without the confounding influence of differences
in saltation flux between sites and between sampling intervals.
Thus, differences in wind erosivity between sampling months
should not affect the comparison of SOC enrichment or inter-
pretation of enrichment mechanisms from the data.
Results

Streamwise sediment flux profiles

Examples of streamwise sediment flux profiles for the five study
sites are presented in Figure 3. The profiles show a typical
decline in sediment mass with height, as the bulk of material
is transported in saltation, from the surface to about 0�5 m
height. For the full set of 24 profiles there is considerable vari-
ation in the streamwise sediment flux both within and
Copyright © 2013 John Wiley & Sons, Ltd.
F
fi
d

between sites (Table I). Between-site flux variations reflect
differences in land type erodibility. Sites with sandy soils
(Ethabuka dune crest) had much larger integrated sediment
mass fluxes (mean 55�79 g m–1 wk–1) than the finer Ethabuka
dune swale and Lake Bindegolly sites (mean 13�05–21�33 g
m–1 wk–1). The Mulga woodland site at Croxdale had the
lowest horizontal fluxes (mean 0�37 g m–1 wk–1). The within
site temporal differences in sediment flux reflect differences in
wind erosivity between months.
SOC content of wind-blown sediments

The SOC content of the parent soils at each field site and the
wind-blown samples from the 24 vertical profiles are presented
in Table I. The SOC content of saltation sediments (0�09 m) was
generally similar to the soils at the four more-sandy field sites,
but it is reduced at the clay-rich Spoilbank site. The similarity
between the saltation sediment SOC content and that of the
sandy parent soils suggests that: (1) the soils in the vicinity of
the BSNE samplers at these field sites were contributing wind-
blown sediment to the samplers; (2) the sediment collected
near ground level (0�09 m) reflects the en masse removal of
the soils, generally without enrichment. The reduced SOC
content of the saltation sediment at Spoilbank indicates that
some of the SOC-rich aggregates are not entrained by the wind,
while more of the low SOC quartz sands are entrained.

All sites show increases in the SOC content of sediments with
height (to 2�0 m). The most dramatic increase was recorded at
the Croxdale site; reaching 29% SOC at 2�0 m in April 2006.
The total (integrated) SOC flux at Croxdale in April 2006
is, however, equal to the average for the three recorded
profiles at the site (0�01 g m–1 wk–1). The largest integrated
SOC flux was recorded at the Ethabuka dune crest site (0�64 g
m–1 wk–1) in November 2006.
SOC enrichment ratios

We divided the SOC content of samples at each height in the
vertical profiles by the SOC content in saltation to standardize
SOC enrichment for the effects of variations in the saltation
load. Table I shows the enrichment ratios for the sediment
sampled at 2�0 m above the surface. On average, Spoilbank
recorded the smallest enrichment of SOC in sediment at 2�0
m. Enrichment ratios at the other sites are two to three times
that of Spoilbank, but may also be considerably larger. The
Ethabuka dune swale site recorded a dust event with the largest
Earth Surf. Process. Landforms, Vol. 38, 1662–1671 (2013)
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enrichment of SOC in suspension, with 41�9 times the SOC
measured in saltation (at 0�09 m) in September 2007. While
the integrated sediment flux at Croxdale in April 2006 is rela-
tively small (0�24 g m–1 wk–1), the sample at 2�0 m has an
enrichment ratio of 32�6 over the soil OC content of the salta-
tion sediment trapped in that month (Table I). Conversely, for
the same month Spoilbank recorded the second smallest
enrichment ratio (1�13), despite having a larger integrated
SOC flux (0�04 g m-1 wk-1) than at other sites.
Site separation based on SOC enrichment

The relationship between the SOC content in the saltation layer
(0�09 m) and the enrichment of SOC with height for the different
samplingmonths is shown in Figure 4. There is separation of these
Figure 4. Scatterplot of the ratio of percentage soil organic carbon
(%SOC) in samples at 0�5 m and 2�0 m to the %SOC of the sediment
trapped in saltation at 0�09 m above surface.

Figure 5. Maps showing mean sea level pressure (MSLP) (500 hPa) and Bur
dust events that led to large SOC enrichment of measured dust samples for
associated with the trough lines and west-to-east passage of cold fronts that
direction of dust-transporting winds during the events. MSLP maps were o
gov.au/australia/charts/). This figure is available in colour online at wileyonli

Copyright © 2013 John Wiley & Sons, Ltd.
data, suggesting that the field sites have different capacities for
enrichment of SOC in dust emissions. Along the x-axis, sites are
separated on the basis of the SOC content of sediment trapped
in saltation, which at the sites with more sandy soils represent
the SOC content of local source area soils (Table I). Along the
y-axis, sites are separated on the basis of the efficiency at which
SOC is released from the soil surface and enriched in the wind-
eroded sediment. The site separation along the y-axis does not
follow the pattern of SOC content of the parent soils (largest at
Spoilbank and smallest at the Ethabuka sites) (Table I). Spoilbank
has the largest SOC content in the parent soil, and the largest
amount and greatest variability of SOC in the sediments trapped
in saltation (0�09 m), but produces the smallest enrichment of
SOC with height. While the horizontal sediment fluxes at
Spoilbank are consistently smaller than the Lake Bindegolly and
Ethabuka sites, the Spoilbank SOC fluxes are a similar order of
magnitude. Sediments trapped in saltation at the Ethabuka dune
crest and dune swale sites have the smallest SOC content (Table I)
and the sites have the smallest parent soil SOC content, but con-
sistently produce the largest enrichment of SOC. The samples
containing the largest enrichment occur at the Croxdale and
Ethabuka dune swale sites in April 2006 (32�6) and September
2007 (41�9), respectively (Table I). The enrichment ratios for these
sampling periods are considerably greater than those measured
in other months and at other sites, and the SOC profiles (Table I)
show anomalously large SOC content at 2 m relative to the
remaining profiles and relative to that measured at 0�5 m, 0�09
m and in the local soils. In both cases, regional dust events asso-
ciated with a series of troughs and cold fronts passed over the
study area, contributing significant sediment to BSNE samplers
from outside the immediate local dust source areas associated
with the sites (O’Loingsigh et al., in review). Figure 5 shows maps
of mean sea level pressure (MSLP) and meteorological stations
recording atmospheric dust for the two regional dust events,
sourced from the Australian Bureau of Meteorology (http://www.
bom.gov.au/australia/charts/).
eau of Meteorology stations recording atmospheric dust for two regional
14 April 2006 and 19 September 2007. The regional dust events were
produced strong south-easterly and westerly flow. Arrows indicate the
btained from the Australian Bureau of Meteorology (http://www.bom.
nelibrary.com/journal/espl
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SOC in size-fractionated soils

The PSDs, determined by dry sieving the surface soils at the five
field sites, are presented in Figure 6a. Note that the coarse frac-
tions of the soils are shown in half-phi increments, which fall
within the range of fine to medium sand (125–500 mm). All sites
have a mode in the range 125–250 mm, while the Ethabuka dune
crest soil has a uni-modal PSD and the Spoilbank soil has a multi-
modal PSD. The remaining sites have secondary modes around
75 mm (Ethabuka dune swale), 63 mm (Lake Bindegolly) and
53–63 mm (Croxdale).
Figure 6b shows the distribution of SOC within the soils

across the particle-size fractions. At the Spoilbank site, the
SOC is clearly associated with the coarser fraction (100–500
mm), with a secondary mode in the 53 mm fraction. At
Croxdale, a coarse component (> 500 mm) of the SOC was
identified as being residual plant material. There is a secondary
mode in SOC associated with the coarse silt (65 mm range) and
an increase in the< 45 mm fraction. There appears to be no sig-
nificant association of SOC with a particular soil particle-size
fraction at the Lake Bindegolly, Ethabuka dune crest or dune
swale sites. The representativeness of this size fractionation of
SOC within each site cannot be tested without more extensive
soil sampling and analysis, which were beyond the resources
available for this study.
The high-resolution PSDs (Figure 7) reveal that the soil at the

Ethabuka dune crest site is comprised of particulate sand, with
a distinct mode around 250 mm in both minimally and fully-
dispersed conditions. The soil at the Ethabuka dune swale site
typifies an alluvial deposition environment within the Simpson
Figure 6. Graphs showing (a) the particle-size distribution (PSD) of
the dust source area (parent) soils at the five field sites, as determined
by dry sieving in a field condition and (b) the soil organic carbon
(SOC) associated with each size fraction of the soils, expressed as a per-
centage of the volume of total sediment.

Copyright © 2013 John Wiley & Sons, Ltd.
Desert dune system, having accumulated a significant amount
of fine sediment (60–150 mm), which increased slightly follow-
ing dispersion. The Croxdale and Lake Bindegolly sites also
show only slight signs of aggregation when fully dispersed
(Figure 7). However, the Spoilbank soil is highly aggregated,
having a mode in the range of very fine sand (~170 mm) in
minimally and intermediately dispersed conditions. Under the
fully dispersed treatment these aggregates were broken down,
revealing a substantial component of fines (< 60 mm).
Discussion

Field measurements of SOC and enrichment ratios

The SOC content of wind-eroded sediment from our study sites
varied from 0�24 to 4�72% for sediment trapped at 0�5 m, and
from 0�64 to 29�0% in suspended dusts at 2�0 m. Few measure-
ments of the OM or SOC content of dust emissions are avail-
able with which we can compare our results. In Australia,
Boon et al. (1998) measured dust OM contents in the range
16–38% for regional dust storm events, and up to 90% of back-
ground suspended dusts (e.g. dust hazes). A range of smaller
OM contents have been recorded in North Africa (4–27%;
Franzen et al., 1994) and the Argentine Pampas (6–8%;
Ramsperger et al., 1998). By the conversion SOC = 0�58 �
OM (Yan et al., 2005), these values appear similar to our mea-
surements from western Queensland.

The SOC enrichment ratios for our dust samples (2�0 m
height) are of a similar magnitude to those measured in the
croplands of southwest Niger (Sterk et al., 1996) and in the
Chihuahuan Desert (Li et al., 2007, 2009) and southern
cropping lands of the United States (Van Pelt and Zobeck,
2007). In common with these studies, our results show that
variability in the SOC enrichment of dust occurs between land
types, and between dust events. This variability may be
influenced by seasonal variations in vegetation cover and the
breakdown of plant litter, and differences in the propensity of
plants to abrade during wind erosion and release fragments to
the airstream. However, it appears that the enrichment of
SOC in dust in general is due to: (1) physical characteristics
of the soil surface during the process of dust emission; (2)
physical sorting of suspended mineral and SOC dust during
transport. The mechanisms of enrichment in both processes
are dependent on the erosive force of the wind (erosivity), its
transport capacity, and the physical, chemical and mineralogi-
cal characteristics of the dust and hence the nature of soils
(their erodibility) from which it originates (Gillette, 1999).
Soil particle-size influences on SOC enrichment

The enrichment of SOC in dust is determined first by the mech-
anisms of dust entrainment at eroding source areas. Our five
field sites are quite different in terms of their SOC enrichment
ratios (Figure 4). We interpret this separation using soil
particle-size characteristics of the study sites, and the SOC con-
tents. Our results indicate that larger SOC enrichment values
are related to larger sand content of the eroding source area
soils. This result is confirmed in the positive at the sandy
Ethabuka dune crest sites and in the negative at the clay-rich
aggregated Spoilbank site. On the fine particulate soils at Lake
Bindegolly, Croxdale and Ethabuka dune swale sites, SOC
enrichment ratios were smaller than on the Ethabuka dune
crest, except for two months (April 2006 at Croxdale and
September 2007 at the Ethabuka dune swale) when large
regional events occurred. The increased erosivity of these
Earth Surf. Process. Landforms, Vol. 38, 1662–1671 (2013)



Figure 7. Particle size distributions (PSDs) of the dust source area (parent) soils at the five field sites, determined using a Coulter Multisizer3. Soils were
analysed inminimally and fully dispersed conditions, while an intermediate dispersal treatmentwas applied to the highly aggregated Spoilbank soil to represent
the effects of abrasion under saltation bombardment (see Methods for details). This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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events and the presence of regional dusts with larger SOC con-
tent may explain the increased enrichment ratios at these sites.
The increase in SOC enrichment of dust also appears to be
associated with the low SOC content of source area soils
(Table I). This suggests that soils that are sandy (Ethabuka dune
crest site), or if finer have limited aggregation (Lake Bindegolly,
Croxdale and Ethabuka dune swale sites), are more efficient at
releasing SOC and result in larger SOC enrichment in their dust
emissions. This finding is consistent with that of Goossens
(2004), who found that soils with larger sand content produced
greater dust OM enrichment values than soils with loamy to
clay textures. Our findings are also consistent with evidence
for the effects of soil texture, crusting and aggregation on the
efficiency of soils at releasing dust under aeolian abrasion.
The positive relationship between soil sand content and dust
emission (Mirzamostafa et al., 1998), and negative relationship
between crust and aggregate stability and dust emission are
well established (Zobeck, 1991; Fryrear et al., 1994). We
hypothesize that these controls extend to the emission of SOC.
Significance of mineralogy for the enrichment process

Three processes are responsible for the emission of fine mineral
particles from the soil surface during wind erosion and, we
contend, also control SOC emissions. These are: (1) the defla-
tion of fines under erosive winds (aerodynamic lift); (2) particle
emission due to ballistic impacts that abrade soil grains; (3) dis-
aggregation during saltation (Pye, 1987). Chappell et al. (2008)
Copyright © 2013 John Wiley & Sons, Ltd.
found that differences in grain density (due primarily to miner-
alogy) were also responsible for spatial variations in dust emis-
sion in the Bodélé Depression, northern Chad. Our results
suggest that grain density effects extend to the emission and en-
richment of SOC in dust. Logically, the smaller weight of SOC
relative to mineral grains should also facilitate its capacity to
be lofted above the soil surface and transported by wind.

Soils that are sandy, or if finer are particulate, and are quartz
dominated (i.e. have large particle densities) tend to be more
efficient at emitting dust-size particles through aerodynamic
lift, splash and abrasion. Soils such as those at the Croxdale,
Lake Bindegolly and the Ethabuka sites have a greater availabil-
ity of loose fine sediments respectively, and their saltating
mineral grains may have larger impact energies than the clay
aggregates found at the Spoilbank site. The density of quartz
grains like those found at these sandy sites is 2�55–2�67 g cm–

3, whereas the density of clay aggregates of the same diameter
(180 mm) found at Spoilbank is 2�11–2–17 g cm–3, determined
by volumetric displacement (after McIntyre and Stirk, 1953).
The Spoilbank soil has a similar PSD to the sandy sites in an ag-
gregated condition. However, the smaller density of the clay
aggregates would reduce their impact energies relative to the
quartz sand grains found in much greater proportions at
Croxdale, Lake Bindegolly and the two Ethabuka sites. The
stability of the clay aggregates, which is influenced by their
SOC contents, and the greater binding energies of SOC to clay
minerals than to quartz grains, will affect their efficiency at re-
leasing SOC under the impact of saltating grains and by aeolian
abrasion (Fryrear et al., 1994; Van Pelt and Zobeck, 2001).
Earth Surf. Process. Landforms, Vol. 38, 1662–1671 (2013)
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Notably, these results are evident after normalization of SOC in
dust relative to saltation (Figure 4). The finding supports the
argument that for the same amount of sediment moving in
saltation, more SOC (and mineral dust) will be emitted from
sandy quartz soils and finer particulate soils than aggregated
clay soils (Table I).
The enrichment of SOC in suspended dust is related to the

PSD of suspended mineral and SOC material, the transport
capacity of winds, and the distance from source at which the
SOC content of dust is measured. The large SOC enrichment
of dust recorded at the Croxdale (April 2006) and Ethabuka
dune swale (September 2007) sites (Table I) suggests that mate-
rial collected in the BSNE samplers during these periods
contained dust from a distant source area. This is supported
by meteorological observations (Figure 5). Boon et al. (1998)
show that the OM content of background (regional) dusts is
larger and exhibits less variation than in dusts associated with
local entrainment events. We propose, therefore, that the larger
enrichment ratios of these dust samples is due to sorting of min-
eral sediment and SOC during transport. The transport capacity
of wind affects the degree of gravitational sorting of dust and
SOC during transport, and the small mass of SOC increases its
potential to be transported larger distances (Pye, 1987). There-
fore, the enrichment of SOC in dust is likely to increase with
distance from source. Analyses of the SOC content and physi-
cal characteristics in dusts sampled from deposition traps at
distance from source areas would provide further evidence of
SOC enrichment during transport.
Conclusions

Quantitative data on the magnitude of SOC enrichment within
dust emissions is required to determine the impact of wind
erosion on SOC flux and better understand the significance of
aeolian processes for the global carbon cycle. Our results
provide data on SOC enrichment from dust emissions across
the rangelands of western Queensland, Australia, and demon-
strate the variability in SOC enrichment between land types.
They show that the enrichment of SOC in dust emissions varies
between land types, and suggest that soil textural properties
and mineralogy influence the efficiency of SOC emission and
enrichment in dust. Standardized for the quantity of sediment
moving in saltation, it appears that sandy soils and to a lesser
extent finer particulate soils more readily release SOC than soils
that are aggregated and have large silt, clay and SOC contents.
These findings suggest that soil textural properties and the
mineralogy of eroding soils may be used to develop a first-
approximation of SOC enrichment in process-based dust
emission models.
Our interpretation of the mechanisms of SOC enrichment in

dust is based on knowledge of the processes of mineral dust
emission and transport, and the assumption that SOC follows
similar pathways. Our findings are somewhat speculative
because they are based on few measurements, but are
supported by Goossens (2004) who provides the only other
analysis of carbon dust enrichment mechanisms known to the
authors. Assuming that the average dust SOC content measured
across the five land types (4�9%) is representative of the
variability in SOC dust loading, we estimate SOC losses in
Australian dust emissions at 5�39 Mt yr–1 (~100 Mt yr–1 mineral
dust emission; Shao et al., 2011), and 147 Mt yr–1 globally
(~3000 Mt yr-1 mineral dust emission; Shao et al., 2011). These
values appear small in the context of the global soil carbon
pool (estimated at 1550 Pg; Lal, 2003) but are likely to be sig-
nificant at the regional scale through impacts on soil fertility,
nutrient redistribution and agricultural production. Managing
Copyright © 2013 John Wiley & Sons, Ltd.
SOC losses to wind erosion will have important implications
under a changing climate, and particularly for mitigation and ad-
aptation efforts that seek to maintain agricultural productivity
while reducing carbon emissions. Variability in the magnitude
of SOC loads in dust emissions lends weight to the need to
consider further the regional impacts of dust on Earth-system pro-
cesses (Bullard, 2013), and represents a significant source of un-
certainty while not considered in carbon cycle modelling and
accounting (Doetterl et al., 2012b). The results provide a compel-
ling basis for investigating in detail, and with adequate resources,
the mechanisms of SOC emission and its enrichment in dust.

Our results suggest that SOC lost to wind erosion is important
for regional carbon cycling, and may amount to a significant
omission from carbon accounting systems. There is consider-
able spatial and temporal variation in the SOC content of mea-
sured dust emissions, indicating that there exists considerable
variability in SOC enrichment across soils and land uses glob-
ally. Enrichment processes appear to have a substantial and
underestimated influence on SOC dust emissions and the
impact of wind erosion on SOC flux. Understanding the selec-
tive removal and enrichment of SOC in dust source areas is
necessary for estimating SOC losses due to wind erosion at
eroding sites. Conversely, understanding the magnitude and
processes of SOC enrichment of dust during transport and
between local and regional dust events is required for quantify-
ing SOC deposition rates, and the potential for deposition
zones to be carbon sinks. Both components are required to un-
derstand the role of aeolian processes in net SOC redistribution,
and in its contribution to the net source/sink of CO2 emissions.
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