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PM10 emission depends on the texture and the aggregation state of a soil. A decisive but less studied
factor is the saltation fraction of the soil (fraction between 100 and 500 lm). Six soils of contrasting tex-
tures were selected, and a wind tunnel study was carried out under three different saltation conditions:
increased saltation, in which a sample of the saltation fraction was added to the air stream prior to the
soil bed; no saltation added, in which the soil bed eroded without the addition of extra saltation fraction;
and only saltation, in which the saltation fraction was injected into the air stream in the absence of the
soil bed. Results indicated that the saltation efficiency for PM10 emission increased with the fine fraction
content of the soil and decreased with the sand content, but this process showed a complex behavior
depending on the cohesion and stability of the aggregates. An index for describing the saltation efficiency
of the studied soils was proposed based on the combination of three parameters: the PM10 content, the
amount of saltation fraction available in the soil surface, and an aggregation parameter (clay � organic
matter content). Increasing the saltation rate increased the PM10 emission from the eroding soil bed,
except for the sandy soil. Results suggest that the main mechanisms of PM10 emission under saltation
conditions differ according to the soil texture: detachment of the PM10 adhered to the grains of sand
predominates on sandy soils and fragmentation on finer soils, but both processes occur together on
high-emitting soils of intermediate textures.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The emission of fine particulate matter (PM10) into the atmo-
sphere from the earth surface is a process that, although studied
for many years, has become very relevant during the last two
decades (Pope et al., 1995; Carvacho et al., 2004; Gill et al.,
2006). One of the most important sources are agricultural soils
(Clausnitzer and Singer, 1996; Funk et al., 2008).

There are several theories that attempt to explain the
mechanisms and parameters that produce the emission of PM10.
Alfaro et al. (1997) and Alfaro and Gomes (2001) proposed a dust
productionmodel (DPM), in which the magnitude of the dust emis-
sion is given by the binding energy of the aggregates and the
kinetic energy of the particles that move by saltation. Shao
(2001, 2004) presents another theory that is based on the idea that
the size distribution of the emitted dust should be given by the dif-
ferences between two extreme states of the soil: an undisturbed
state or minimally disaggregated, and an disturbed state or fully
disaggregated. Consistent with the DPM, Shao’s model suggests
that increases in the energy of the saltators produce greater
breakdown and hence dust emission. A third theory proposed by
Kok (2011) is the brittle fragmentation theory that assumes most
of the emitted dust is produced by the fragmentation and
breakdown of the aggregates. Kok (2011), despite claiming that
the fragmentation theory could only be applied to the fragmenta-
tion of soil aggregates, considering the good fit of the model to
extensive field data, suggests that most dust emission occurs by
this mechanism. Nevertheless, there is a consensus that the main
parameters that determine the production of dust and PM10 are
the saltation rate and the soil texture.

During a wind erosion event, the interaction between the
saltating particles and aggregates at the soil surface determines
the amount of dust emitted. The PM10 vertical dust flux increases
as a function of the flux of saltating particles (Shao et al., 1993;
Houser and Nickling, 2001) under wind tunnel conditions.
Fairchild and Tillery (1982) found, with wind tunnel measure-
ments, that the rate of surface material removed per unit of time
increased largely in the presence of saltating grains. Some authors,
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in order to compare the capacity of soils to release fine particles,
defined the term saltation efficiency (or sandblasting efficiency)
(Gillette, 1977; Alfaro, 2008). The saltation efficiency is defined
as the ratio of vertical dust flux (Fv) to a horizontal flux (Q) that
is generally composed largely of saltating particles. Several authors
have separately studied the relation between Q and Fv
(Marticorena and Bergametti, 1995; Gillette et al., 1997a,b;
Houser and Nickling, 2001; Gomes et al., 2003b; Kang et al.,
2011; Singh et al., 2012), but making clear conclusions is difficult
because these works generally consider soils of different textures
under different experimental conditions.

Several authors have found that the potential release of dust
and consequent emission of PM10 increases with silt and clay con-
tent and decreases with the sand content (U.S. EPA, 1995; Carvacho
et al., 2004; Funk et al., 2008). Aimar et al. (2012) found that the
soils of central Argentina showed high potential PM10 emission
under different moisture contents and that the emission was
higher in soils with high silt content and lower in those with higher
proportions of organic matter. Although these and other studies
have contributed substantially to the knowledge of texture as a
factor that determines the PM10 emission, they were done using
devices designed specifically for quantifying dust emission, but
they did not measure the effect of the saltation process.

According to the dust emission theories mentioned earlier, soils
with higher content of PM10 will emit more, but only if this PM10 is
effectively released during the process of saltation. Hence, an
increase in the saltation rate should produce an increase in the
emission of PM10, especially from soils with high PM10 content
and/or low aggregation. The question that arises is whether PM10

is mainly released by the impact of the saltating particles with
the soil surface (sandblasting) or by the fragmentation of aggre-
gates in saltation, and how the soil texture and the saltation effi-
ciency affect these processes, considering that they can occur
simultaneously.

The objective of this work was to assess the effect of the salta-
tion rate and the soil texture on the emission of PM10 from agricul-
tural soils, evaluating also the contribution of the soils of the
Fig. 1. Soil colle
Central Argentina Semiarid Region (CASR) to potential dust emis-
sion under saltation conditions.
2. Materials and methods

2.1. Soil sampling and analysis

We selected six representative soils of the Central Argentina
Semiarid Region (CASR) distributed along a north-south transect
about 800 km long (Fig. 1; Table 1). These soils are used for agricul-
ture, and therefore they are subject to periodic disturbance with
agricultural implements. The CASR is characterized by sandy soils
with high susceptibility to wind erosion. Periods of agricultural
activities in combination with dry soils and high wind speeds in
the area can produce large soil losses (Buschiazzo et al., 1999;
Aimar et al., 2011).

Undisturbed soil samples were taken from the first 2.5 cm of
topsoil. To obtain a representative sample from each site,
composite samples consisting of four subsamples were prepared.
The textural composition of each soil was determined by means
of wet sieving and the Robinson pipette method (Gee and
Bauder, 1986), which included: destruction of free carbonates
(with 6% acetic acid) and of organic matter (with hydrogen perox-
ide), a dispersion with sodium hexametaphosphate, agitation in
water for 30 min at 1500 rpm, and an ultrasound treatment at
35KHz for 15 min. Organic matter contents (OM) were determined
with the Walkley and Black method (Walkley and Black, 1934) and
the content of free carbonates (CaCO3) by means of the Scheibler
calcimeter (Schlichting and Blume, 1966). The soil textural
classification was made according to the USDA (Soil Survey
Division Staff, 1993).

Another subsample was air dried and sieved with a rotary sieve
(Chepil, 1962). This device is a rotating nest of concentric cylindri-
cal sieves having 0.42, 0.84, 2, 6.4 and 19.2 mm square openings.
With this method the percentage of aggregates <0.84 mm, the
erodible fraction of the soil (EF), was calculated with the following
equation (Eq. (1)) (Colazo and Buschiazzo, 2010):
ction sites.
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EF ¼ W < 0:84
TW

� 100 ð1Þ

where EF is the erodible fraction (%), W < 0.84 is the weight (g) of
<0.84 mm aggregates, and TW is the initial weight (g) of total
sample.

The dry aggregate stability (DSS) was calculated after dry siev-
ing each aggregate size a second time (Skidmore et al., 1994) using
Eq. (2),

DSS ¼ 1�W < 0:842

W > 0:841

� �
� 100 ð2Þ

where W < 0.842 is the weight (g) of aggregates that passed though
the 0.84 mm sieve after a second sieving and W > 0.841 is the
weight (g) of aggregates retained on the 0.84 mm sieve after the
first sieving.

The saltation fraction of each soil that was used for the abrader
hopper of the wind tunnel (0.2–0.5 mm, van Pelt et al., 2010) was
separated manually by dry sieving. The textural composition of
each saltation fraction was determined by means of the wet siev-
ing and pipette method (Schlichting et al., 1995). A relative soil
aggregation index (RSI) of the saltation fraction was obtained by
means of Eq. (3) (Avecilla et al., 2015),

RSI ¼ clay � OM ð3Þ

where clay is the percentage of particles <0.2 mm present in the
saltation fraction, determined with the pipette method, and OM
the percentage organic matter content of the soil. The use of this
coefficient was based on the consideration that clay and OM are
the main factors affecting soil aggregation (Perfect and Kay, 1995;
Mirzamostafa et al., 1998).

The grain size distribution of the saltation fraction used for the
abrader hopper was also determined with a Malvern Mastersizer
(model 2000) particle counter (Fig. 2). This method contributed
to a more precise determination of the grain size distribution than
the one obtained with the pipette method, and was only used for a
more detailed characterization of the saltation fraction. The grain
size distribution in this case was obtained from non-dispersed
samples.

Additionally, the proportion of particles that could potentially
move by saltation (SFP) and the PM10 content of each soil were
determined from the grain size distribution of the soil obtained
with the particle counter. SFP is the proportion (in g kg�1) of parti-
cles between 0.2 and 0.5 mm determined from the analysis of the
samples without dispersion treatment. The PM10 content is the
proportion (in g kg�1) of particles 60.01 mm (10 lm) determined
from the analysis of the samples of every soil with dispersion treat-
ment (Fig. 3). The treatment with dispersion included the destruc-
tion of free carbonates and organic matter, agitation in water and
ultrasound treatment described previously. The treatment without
dispersion consisted of the placement of the samples in water in
order to be analyzed by the laser counter.

The bigger portion of the soil samples was air dried and sieved
by hand through a 2 mm mesh to be used as the soil bed in the
wind tunnel working section. This procedure was made in order
to homogenize the aggregate size distribution of the soil bed.
2.2. Wind tunnel facility

The wind tunnel used for this study is 8 m long. The simulation
section is 6 m long, 1 m height and 0.5 m wide. The working
section used for placing the soil samples is 4 m long and the clean
section is 2 m long (Fig. 4). The soil bed was placed in a 0.2 m wide
and 0.025 m deep tray placed along the center of the wind tunnel
working section. The sides of the soil bed and the clean section



Fig. 2. Grain size distribution of the saltation fraction for each soil (1–6), as used for the abrader hopper.
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floor were covered with a coarse emery cloth for simulating the
soil bed roughness conditions (Roney and White, 2006).

The air is pushed into the wind tunnel by an axial fan located
before the clean section. The fan is driven by a Honda GX670
engine. Between the fan and the clean section there is a flow con-
ditioning section (van Pelt et al., 2010). More details of the wind
tunnel construction and the results of the wind tunnel calibration
can be found in Mendez et al. (2006) and Avecilla et al. (2015).

An abrader hopper was installed at the top of the tunnel, in the
middle of the clean section. This device delivers the supply of the
saltation fraction of a soil by gravity into the wind tunnel, at a
mean flow rate of 0.0055 kg m�1 s�1 (van Pelt et al., 2010). Added
material (saltation fraction) entered the air flow from the hopper
through a tube 1 cm in diameter, at a height of 0.15 m from the
wind tunnel floor.

2.3. Measurements and calculations

Except for the cup anemometer, all the measurements in this
work were made at the end of the working section, right before
the wind tunnel exhaust, at a fetch distance of 4 m (Fig. 4). The
wind speed was measured with a pressure anemometer at differ-
ent heights (0.05, 0.17, 0.315, 0.48 m), obtaining a vertical profile
of the wind according to the Law of the wall:

Uz ¼ u�
k
ln

Z
Z0

� �
ð4Þ

where UZ is the wind speed at height z, u⁄ is the friction velocity, k is
the Von Karman’s constant (0.4), and Z0 is the aerodynamic rough-
ness height.

This measurement scheme allows the calculation of several
parameters that describe the interaction between the surface and
the wind speed (Roney and White, 2006). Both u* and Z0 were
determined by the slope and the intercept of the logarithmic wind
profile respectively (Bagnold, 1941). Speed data for the wind pro-
file were taken within the boundary layer of the wind tunnel
(height at which the logarithmic wind speed profile reaches 99%
of its maximum value), estimated approximately between 0.4
and 0.6 m (Maurer et al., 2006; van Pelt et al., 2010). In this work,
the boundary layer was about 0.5 m height. In addition, the free
stream velocity was measured by a cup anemometer located in
the final section of the wind tunnel, at a height of 0.7 m, out of
the boundary layer.

The horizontal mass flux during wind tunnel simulations was
measured using BSNE samplers (Fryrear et al., 1998) located at five
different heights (0.05, 0.17, 0.315, 0.48 and 0.75 m) in the
center of the wind tunnel exhaust. The collected material was
weighed, and the horizontal mass transport Q (g m�2 s�1) was
determined by means of the Curve Expert� 1.3 software (Hyams,
2005), by adjusting an exponential function to the mass flux profile
across the height, and then integrating it from 0 m to 1 m
height:

Q ¼
Z 1

0
abzdz ð5Þ

where a is the mass flux at height z and b represents the rate of
decay of the horizontal mass flux with height. Details on this
method can be found in Panebianco et al. (2010). Note that herein,
Q is expressed in relation to the erodible surface (Avecilla et al.,
2015).

The PM10 concentration was measured at different heights
(0.05, 0.17, 0.315, 0.48 m) using a digital dust monitor, Kanomax
(model 3443). The Kanomax 3443 dust monitor, which is a light
scattering digital dust monitor with a particle range from 0.1 to
10 lm, measures PM10 in a range of 0.001–10,000 mg m�3 with
an intake flux of 1 L min�1 (more details of the dust monitor can
be found in www.kanomax-usa.com). A metal probe 1.2 m long
and 7 mm inside diameter was connected to the digital dust mon-
itor, strapped alongside the pressure anemometer. PM10 and wind
speed were measured simultaneously right next to the entrance of
each BSNE sampler. The measurements were averaged over 6 s,
holding the probe steady during 30 s at each measurement height,
in an upward gradient from the soil surface. This procedure was
first used by Kim et al. (2000) and then by Roney and White
(2006). The measurement at the first point, located at a height of
0.05 m, was carried out after of 30 s from the beginning of the wind
simulation. Although the first moments of the emission process
can produce interesting data, short stabilization periods are neces-
sary before the measurement to avoid the great variability pro-
duced by the initial blow out over some surfaces, and to avoid

http://www.kanomax-usa.com


Fig. 4. Sampling instrumentation location and the working section of the wind tunnel.

Fig. 3. Grain size distribution of each soil. (D: dispersed; Und: undispersed samples).
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saturation of the measuring equipment. For these reasons stabi-
lization periods were also used in similar studies (Kim et al.,
2000; Houser and Nickling, 2001; Roney and White, 2006; Burri
et al., 2011; Baddock et al., 2011). Measurements were made
during days with PM10 concentration background at very low
concentrations. Moreover, PM10 vertical profiles were also checked
at the end of the clean section to make sure that the measured
values at the entrance of the working section were negligible.



Fig. 5. Vertical flux of PM10 (FvPM10) for each soil and treatment. Different letters indicate significant statistical difference between treatments (p < 0.05).
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The PM10 vertical flux (FvPM10) was calculated with the widely
used equation proposed by Gillette (1977) in g m�2 s�1 (López
et al., 1998; Kjelgaard et al., 2004; Singh et al., 2012):

FvPM10 ¼ k � u� � ðC1 � C2Þ
ln Z2=Z1Þð ð6Þ

where k is the constant of Von Karman (0.4); u* it is the wind fric-
tion velocity in m s�1; C1 and C2 are the PM10 concentration values
at the heights Z1 and Z2, (0.05 and 0.75 m respectively). The salta-
tion efficiency (dimensionless), the potential of a soil to emit
PM10 during the process of saltation, was defined as the FvPM10 to
Q ratio (Gillette, 1977; Alfaro, 2008).

2.4. Experimental design

The wind erosion process was simulated under three different
conditions: increased saltation (IS) in which the saltation fraction
of the soil was added to the air flow prior to the soil bed using
the abrader hopper, no saltation added (NS) in which the soil
was exposed to the wind stress without the addition of saltating
material prior to the soil bed; and only saltation (OS) in which
the saltation fraction was added to the air flow using the abrader
hopper but in absence of the soil bed. In the latter case, the entire
working section was covered with emery cloth to produce the
saltation movement and simulate the impacts of the particles with
the soil surface.

Simulations lasted 4 min and were performed at an average
friction velocity of 0.21 m s�1 (standard deviation –SD- of
0.05 m s�1). Although mass flux changes during the simulation
because of the depletion of the erodiblematerial, the short duration
of the simulations allow relatively steady conditions (Roney and
White, 2006; Kim et al., 2000). Treatments were replicated 4 times.

The free streamvelocity,measuredat 0.7 mheight,was similar in
the three saltation treatments: 7.9 m s�1 for IS andNS (SD = 0.39 and
0.37 m s�1, respectively), and 8.1 m s�1 for OS (SD = 0.31 m s�1).
These results indicate that the free stream velocity was rather
constant in all treatments and that the presence or absence of
saltating particles in the wind tunnel did not significantly affect it.

The correlation between variableswas analyzed using linear and
nonlinear regression. The differences between the PM10 emission
(FvPM10) produced by different treatments were analyzed using a
test for comparison of means using the Tukey test with a = 0.05.
To perform this analysis we used the INFOSTAT software (Di
Rienzo et al., 2002; FCA-UNC, Córdoba, Argentina). The standard
deviationbetween repetitionswas calculatedwithMicrosoft Excel�.
3. Results and discussion

3.1. PM10 emission

Absolute PM10 emission (FVPM10) values are presented in Fig. 5.
With IS, the PM10 emission mean value was 3.8E�04 g m�2 s�1 for
fine textured soils (S4, S5 and S6) and 5.5E�04 g m�2 s�1 for the
sandier ones (S1, S2 and S3). With NS, the PM10 emission showed
the same trend but the measured values were lower,
3.4E�04 g m�2 s�1 for fine textured soils and 5.2E�04 g m�2 s�1

for sandy soils. On the other hand with OS, higher emissions were
observed from fine textured soils, with values that ranged from
1.04 E�04 g m�2 s�1 to 1.69E�04 g m�2 s�1.

The results obtained in this study agree with those obtained by
Pease et al. (2002), who found that loamy sand soils emitted pro-
portionally more than sandy loam soils. On the other hand, and
in contrast to that found in this study, Roney and White (2006)
found that a sandy loam soil emits more, 1.44E�03 g m�2 s�1, than
a loamy sand soil, 1.09E�04 g m�2 s�1. Such differences may be
due to the characteristics of the soil or the wind speed used in that
study, which was high, with a friction velocity (u⁄) of 0.49 m s�1.
Because the calculation of FvPM10 is based on the PM10 concentra-
tion measured at different heights (Eq. (6)), the values of PM10 con-
centration (in mg m�3) measured by other authors are also useful
for making comparisons. Zobeck et al. (1999) found that the
PM10 concentration was greater for fine textured soils, the concen-
tration generally increasing with an increase in the clay content,
with the exception of clay-rich soils, and soils with >80% of sand
which produced very low PM10 concentration values. As in this
work, results generally indicate that the soils with a high flow of
particles mobilized by saltation (higher erosion rates) were those
who presented major absolute PM10 emission (Shao et al., 1993;
Gillette et al., 1997a).

With the IS treatment the sandy soils, of intermediate texture,
showed no significant differences in the observed values of the
emission of PM10 with respect to NS. On the contrary, for the
fine-textured soils there was a significant increase of the PM10

emission with IS. The increase in the flux of saltation causes an
effect in which the impact of an aggregate on the surface of the soil
produces the removal and the ejection of new aggregates (Willets
and Rice, 1985), and this also produces an increase in PM10 emis-
sions. The interaction of the saltating particles with the soil bed
at IS also caused a higher emission rate because of the fragmenta-
tion of the saltating particles or aggregates of the soil bed during
the successive impacts (Mirzamostafa et al., 1998). This process



Fig. 6. Saltation efficiency (FvPM10 /Q) for each soil and treatment.

Fig. 7. Microphotographs of the saltation fraction of soils of contrasting textures. The figure shows the differences in the composition and state of aggregation of the saltation
fraction of sandy (S1), sandy loam (S4) and loam soil (S6).
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cannot occur over very sandy surfaces, because only isolated sand
grains are involved and aggregates are largely absent.

The OS treatment reflects the properties of the saltation
fraction. With OS treatment, soils that produced higher emission
values were the finer and more aggregated ones (Figs. 5 and 7).
These aggregates were broken during successive impacts against
the emery cloth located on the floor of the wind tunnel. The mass
transport rate was very low, therefore the PM10 emission efficiency
increased. Hagen (2004) found that the emission of fine material
by the breakdown of aggregates increases with the silt content.
He also found that as the particle size increases, the fine material
available for emission generally decreases. The content of silt in
the finer soils, particularly S5 and S6, are very high in comparison
to the other soils and therefore these soils exhibited high
emissions.

The soil sample from S4 exhibited somewhat confusing results
at the different treatments. Despite being very sandy (80% of sand)
this soil had low mass transport but showed relatively high
emission values. Unlike the other studied soils, S4 was used for
Eragrostis curvula sp. (Pasto llorón), with high coverage and
without tillage for many years. Several authors have studied the
long-term beneficial effects that this pasture gives to the soil,
incorporating large amounts of OM (Buschiazzo et al., 1991; Ruiz
et al., 2008). The high content of OM coupled with the absence of
tillage, allowed the formation of a well-structured soil (DSS: 81%)
with a low erodible fraction (EF: 57%) in comparison to the rest
of the sandy soils. This soil also contained high proportion of silt
(12.5%) that can potentially be emitted.

3.2. Saltation efficiency

Fine-textured and aggregated soils were those characterized by
highest saltation efficiency (Fig. 6). Considering the saltation effi-
ciencies observed, the studied soils can be ordered in a sequence:
NS = 6 > 4 > 5 > 3 > 2 > 1; IS = 6 > 5 > 4 > 3 > 2 > 1; OS = 6 > 5 > 4 >
3 > 1 > 2. When there was an increase in the saltation rate (IS),
the efficiencies were generally low compared to the other two
treatments because there was an increase in the mass transport
but the PM10 emission did not increase proportionally, resulting
in lower efficiencies.

With an increase in the content of fine material (mainly silt) in
the soil, there was an increase in the saltation efficiency. Several
authors have stated that potential PM10 emission depends on the
content of the fine fractions of a soil (Hagen et al., 2010). Alfaro



Table 2
Proportional saltation fraction SFP (amount of saltating particles, in g kg�1), particles
<10 lm (PM10 in g kg�1) and relative soil aggregation index (RSI in %).

Soils

S1 S2 S3 S4 S5 S6

SFP 491 452.2 254 351.5 327.3 152
PM10 140.6 208.4 176.1 194.8 260.4 327.3
RSI 7 12 6 28 15 57
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(2008) found that soils with a high proportion of clay and fine silt,
and higher proportion of aggregates, showed greater saltation effi-
ciencies. Marticorena and Bergametti (1995) found that for soils
containing less than 20% of clay, the saltation efficiency appears
to be due to increasing clay content. However, differences in values
observed in different studies, especially under field conditions,
suggest that fine fraction contents are not enough to explain the
emission of PM10 under saltation conditions. This can be even more
evident for agricultural soils, where organic matter content and
tilling history can change the cohesion strength of the saltating
aggregate particles and will also have a large influence on the
erodibility of the surface itself. In an extensive review, Kok et al.
(2012) discuss the existence of divergent results for dust emission
and saltation efficiency. As discussed previously, these differences
have also lead to different theoretical approaches. In concordance
with this issue, Figs. 5 and 6 show that different amounts of saltat-
ing material produce differences in the emission and efficiencies
values respectively, even under a constant, steady wind speed.

Differences between treatments observed in Fig. 6, especially in
NS and OS treatments are complex to elucidate, but are related to
the way in which the saltating particles are physically disposed.
There is a consensus that the interaction of the saltation fraction
with the surface of the soil during the process of wind erosion
and dust emission is determined largely by its composition and
the aggregation state or strength. But similarly sized particles
may be composed of different materials and varying degrees of
cohesion as can be clearly seen in Fig. 7.

Once in movement due to the wind force, these complex parti-
cles or aggregates will exhibit different behavior concerning PM10

emission. For this reason, the proportional saltation fraction (SFP),
the PM10 content (PM 6 0.01 mm) and a relative soil aggregation
index (RSI) were determined for each soil (Table 2). These
parameters reflect the presence of potential saltators in the soil,
the cohesive strength of them, and the PM10 containedwithin them.
Fig. 8. Best-fit non-linear regression for the correlation betwe
The coarse textured soils (S1, S2 and S3) showed a high propor-
tion of particles that would likely move by saltation (0.2–0.5 mm)
but lower PM10 contents. On the contrary, fine textured soils (S4,
S5 and S6) showed a high proportion of particles <0.2 mm and
higher PM10 contents. The aggregation state of the soils was also
variable. In general, fine textured soils presented a saltation frac-
tion in a highly aggregated and more cohesive form, because they
have a greater proportion of clay size particles and organic matter
that enhance aggregation.

Saltation efficiency was related to the index built by the combi-
nation of the parameters from Table 2 (Fig. 8). As the index
decreases, the saltation efficiency increases because the saltation
fraction is composed mainly of aggregates containing dust-sized
particles. It also implies, assuming that the characteristics of the
saltation fraction reflects the soil properties, that the soil has a high
proportion of fine particles to be potentially emitted.

Although finer and aggregated soils (S4, S5 and S6) have a smal-
ler proportion of particles that can potentially move by saltation,
and that these soils were also well-structured, the presence of
aggregates in the saltation fraction of these soils produced a rela-
tively high PM10 emission. On the contrary, the sandy soils showed
a high proportion of particles that can potentially move by salta-
tion but they have a low proportion of PM10, so their saltation effi-
ciency was low. This result indicates the importance of the
presence of aggregates in the soil, which are also involved in the
saltation process increasing the emission of PM10 even under low
saltation rates.

In this work the saltation fraction and the soil bed were homo-
geneous for experimental reasons. The saltation fraction was
assumed to have the same properties (PM10 content and cohesive
state) as the soil bed. The effect of other variables such as crusting
or irregular distribution of aggregate sizes on the soil surface could
exhibit a different behavior and needs further research. However,
results show that the changes in the saltation rate affected the
saltation efficiency (Fig. 6), and that efficiency was better
explained by a combination of factors (Fig. 8), but they also show
that the relation between Q and Fv was not constant through soils
of different textures.
3.3. Effect of changes of Q on FvPM10

Unlike the vertical flux (FvPM10), the horizontal mass transport
(Q) is mainly composed of saltating material. As discussed
en the saltation efficiency and the index SFP/(PM10 * RSI.



Fig. 9. Vertical flux of PM10 (FvPM10) produced by the saltation mass transport (Q), for each soil. Error bars show the standard deviation of Q and FvPM10. OS is not shown
because Q was kept constant in this treatment.
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previously, the interaction between the saltating material and the
soil bed results in the emission of PM10. The relation observed
between FvPM10 and Q is shown in Fig. 9.

Fine-textured and well-structured soils (high clay, silt, and OM
content -S4, S5 and S6-) showed greater increases in FvPM10 (30%)
with an increase of Q from the abrader hopper. On the contrary on
sandier soils, especially soils of intermediate textures (S2 and S3),
the relative increase of FvPM10 was significantly lower (0.5–2%).

The results are partially consistent with those found by other
authors. (Gomes et al., 2003a,b) found, under experimental field
conditions on silty loam and sandy soils, that with an increase of
the saltation mass flux there is an increase of the vertical flux of
fine particulate emission. Houser and Nickling (2001) found that
the emissions of PM10 increase linearly with the increase in the
saltation rate, on surfaces of clay-crusted playas because of the
effect of the saltating particles. But the results of this study
complement previous findings showing that, although an increase
of Q generally produced an increase of FvPM10, this increment is
not proportional when comparing different textured soils. This
occurred as a result of the different disposition of the particles con-
stituting the aggregates that move during saltation.

According to Lee and Zobeck (2002) a large part of the dust
emission from sandy soils could be caused by the fine PM10

particles attached to the sand grains, which are released during
the collisions produced by the saltation process. In sandy and
intermediate-texture soils the impacts of the numerous saltating
particles produced an important detachment of the PM10 adhered
to the grains of sand (Bullard et al., 2004). In finer, aggregated soils,
the fragmentation and the abrasion of the aggregates are the main
processes by which PM10 is released into the atmosphere (Kok
et al., 2012). Clay minerals or other cohesive components that
are generally less considered, such as organic matter, calcium car-
bonate or even silt existing within a sandy body cause aggregation
of grains to form larger, complex particles. These particles can
break differently during saltation activity and release the PM10

contained therein (Fig. 7).
Results found here are consistent with the idea that fragmenta-

tion of aggregates releasing dust is more important in fine textured
soils, while detachment of the PM10 adhered to the grains of sand
can be more important in coarse textured soils (Fig. 9). On soils
with abundant sand (S1), only detachment of the PM10 adhered
to the grains of sand could have been the prevailing process for
PM10 emission, while on soils with much cohesive materials
(S4, S5 and S6), the fragmentation prevailed. On soils of intermedi-
ate texture, fragmentation of aggregates, detachment of the PM10

adhered to the grains of sand and bombardment are all
mechanisms of PM10 emission occurring at the same time. The
overlapping of these mechanisms produced higher absolute PM10

emission in the intermediate soils (S2 and S3). Considering the
above-mentioned assumptions, the changes in the properties of
the saltation fraction present on the soil surface at the moment
of a high-wind event, can also help to understand the variable
results observed in the literature for saltation or emission
efficiencies.

4. Conclusions

The PM10 emissions from six soils of the Central Semiarid
Region of Argentina (CASR) were measured at different saltation
rates under wind tunnel conditions. Sandy loam soils presented
higher absolute PM10 emission values than loam, sandy loam,
and sandy soils. Trends indicated that increasing the saltation rate
(Q) generally increased the PM10 emission or vertical flux (FvPM10),
except for the sandy soil that presented high rates of saltation and
relatively low PM10 emission.

The saltation efficiency (also referred to as emission efficiency)
increased with the content of fine particles, especially the silt frac-
tion, and decreased with the sand content, but also varied depend-
ing on the saltation capacity and structural characteristics of the
each soil. An index for describing the saltation efficiency of the
studied soils was proposed. The soils that presented a better struc-
tured saltation fraction were the most efficient for PM10 emission.

A general scheme for assessing potential PM10 emission from
agricultural soils was proposed based on results and actual emis-
sion theories. On soils with abundant sand only detachment of
the PM10 adhered to the grains of sand could have been the prevail-
ing process for PM10 emission because of the absence of aggrega-
tion, while on soils containing more cohesive materials, the
fragmentation of the aggregates prevailed. On soils of intermediate
texture the fragmentation of aggregates, the detachment of PM10

adhered to the sand grains, and the saltation bombardment are
simultaneous processes that produce PM10 emission. The overlap-
ping of these processes produced higher absolute PM10 emission in
the intermediate-textured soils.
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The properties and composition of the saltation fraction can
enhance PM10 emission assessment, by complementing well estab-
lished parameters like the size distribution and the texture of the
particles available in the surface material. More studies are needed
to determine how the degree of cohesive properties of the aggre-
gates and changing environmental conditions can affect both the
saltation fraction and the PM10 emission under saltation
conditions.
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