
LICENTIATE T H E S I S

Department of Civil, Environmental and Natural resources Engineering
Division of Mining and Geotechnical Engineering Dust From Mining Area and 

Proposal of Dust Emission Factors

Qi Jia

ISSN: 1402-1757  ISBN 978-91-7439-277-7

Luleå University of Technology 2011

Q
i Jia  D

ust From
 M

ining A
rea and Proposal of D

ust E
m

ission Factors

ISSN: 1402-1757  ISBN 978-91-7439-XXX-X     Se i listan och fyll i siffror där kryssen är

Dust from mining area and proposal of dust 
emission factors 

Qi Jia 

  





Dust from mining area and proposal of dust emission 
factors

Qi Jia 

Department of Civil, Environmental and Natural resources Engineering 
Division of Mining and Geotechnical Engineering 

Luleå University of Technology



Printed by Universitetstryckeriet, Luleå 2011

ISSN: 1402-1757  
ISBN 978-91-7439-277-7

Luleå 2011

www.ltu.se



i

Preface

This licentiate thesis is based on a research carried out in the division of Mining and 
Geotechnology under department of Civil, Environmental and Natural resources engineering 
in Lulea University of technology. The research results were based on field experiments and 
lab testing. All the accomplishments were achieved with help of many people and I am 
grateful for all their kindness and contributions even though some of the names are not 
mentioned here. 

First of all I would like to thank my supervisor Sven Knutsson for his guidance on my 
research direction, for lighting the road when I got confused in the cross section, for 
supporting my thoughts and ideas by all the possible ways, and for taking time from his 
stressfully occupied time schedule to read my report and meet me. 

Nadhir Al-Ansari, my assistant supervisor are highly appreciated for his valuable 
comments and scientific guidance. Without him I would have got lost so many times when I 
got into specific problems, and without him I would not have produced any achievements so 
far. Thanks to him for reading my papers again and again, for giving me confidence when I 
felt uncertain, and for checking me all the time so that I could work in a highly efficient way.  

I also want to thank Andreas Bjorkman from LKAB for making it possible to access all 
the data I needed for analysis, for his patience to explain me all the confusions I had for the 
data. All the data he provided were indispensable for the accomplishments during this 
research. Thanks to Pär Semberg for helping me prepare he samples for Qemscan analysis. 
Thanks to JennyWikstrom for preforming Qemscan analysis and sending me the results. 
Thanks to Ulf Stenman for helping me carry out the lab testing for moisture content and 
organic matter content. Thanks to Yi Huang for cooperating and discussing with me during 
the research. Thanks to all the colleges from the division of Mining and Geotechnology for 
helping me in all the possible ways.  

Last but not least, I would like to thank my parents for giving me all their support, for 
consoling me when I felt upset, for enlightening me on my sense of worth and outlook on life, 
for listening to me when I have too much to complain about, for chatting with me to make me 
never feel loneness in a distance foreign country, and for all the things they have done for me 
which I could not finish mentioning by hundreds of pages.  

Qi Jia 
Lulea, May 2011 



ii



iii

Abstract

Mining generates great deal of particulate matter, especially for surface mining. The principle 
of dust generation is based on the theory of soil wind erosion. This thesis theoretically and 
experimentally dealt with mining dust. In chapter 1 the development of study on soil erosion 
by wind and mining dust were introduced. Chapter 2 elaborated the process of soil wind 
erosion. Soil motion during wind erosion is classified into three categories which are 
creeping, saltation and suspension. Threshold wind velocity, which initiates particle motion, 
depends on particle size, soil moisture, roughness element etc. Roughness element refers to 
non erodible fraction in a soil. A test on erodible fraction was included in this research.

Chapter 3 presented effects and sources of mining dust. Sources include haul road, stockpiles, 
open surfaces, overburden removal etc. Malmberget mine operated by LKAB is one of the 
most important iron mines in Sweden. The mining area includes an area with huge open pit 
and current industrial center area. Both areas are surrounded by residential areas where people 
are suffering from dust problem. In this research the collected dust from 26 measuring 
stations during the time period Aug. 2009 to Aug. 2010 were used to calculate the dust fallout 
and distribution using surfer 9.0 software. It was concluded that two sources for dust 
generation were spotted. One was located close to the open pit, and the other was located 
nearby the current mining industrial center. It should be mentioned that the concentration of 
dust was varying with time. The maximum value happened on May in 2010. The value 
suddenly became extremely high compared with the other months. This was attributed to a 
road construction at that time. Analysis results have shown dust production around 
Malmberget mine was attributed to three reasons: wind erosion of the exposed area closed to 
the open pit, trucks transportation on haul roads, and wind erosion of stockpiles.  Since the 
mining activities were relatively going at a constant level, the variations of dust level were 
mostly attributed to the climatic factor. During the research erodible fractions for surface 
samples from the open surface nearby the open pit were measured. The result showed an 
erodibility index of 4.69kg/m2 per year. Because the index value indicated relatively low 
intrinsic soil erodibility, the dust problem might be more contributed by wind erosion of 
stockpiles and truck travelling on haul roads.

Chapter 4 introduced how US EPA developed dust emission factors for various mining 
activities. Accordingly recommendations and the future plans for the establishment of the dust 
emission factors for Malmberget mine in Sweden were given and highlighted in chapter 5. 
Chapter 6 finalizes the thesis with a conclusive paragraph. 
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1. Introduction

1.1 Background 

Dust is a primary cause for air quality deterioration, as well as a potential health hazard. 
Sources for fugitive dust include unpaved roads (figure 1.1), agricultural tilling operations, 
aggregate storage piles, heavy construction operations, and exposed loose soil. Mining is a 
core economic activity that has literally deep relationship with the mother earth. Yet mining 
activities are usually associated with environmental impacts, particularly that of air pollution 
by fugitive dust. Every phase of mining operation deteriorates air quality and has significant 
effect on surrounding areas in the close proximity apart from the mining site. A mining site, 
especially surface mining, usually consists of several dust generation activities and areas, 
such as drilling, blasting, bulldozing, loading, transporting, dumpling, crushing, the haul road 
(figure 1.2), stockpiles, waste rock and unprotected  open   surfaces  (figure 1.3).  Large   dust     

Figure 1.1 Dust generation from unpaved road (After John et al, 1999) 

Figure 1.2 A haul road in Malmberget mine, Sweden 

plumes are often  noticed over these sources when wind speed is high or human disturbances 
such as dumpling and vehicle transportation occur. The airborne dust generated can be 
composed of visible and invisible particular matter as seen by  naked   eyes and  cause  a 
significant  amount  of  dust  concentration with  spatial  and  temporal variation around the 
mining site. Though the environmental problem has been recognized the mining industry is 
progressively increasing in world mineral production, particularly surface mining which is the 
most devastating for ambient air condition. In 2008 it was reported that surface mining 
contributes over 80% of the  aggregate  volume of the  mineral production in the world (Singh  
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Figure 1.3 The exposed area in Malmberget mine, Sweden 

& Prabha, 2008). Emission factor equations to estimate dust emission from various activities 
have been developed for mining sites in USA (Cowerd, 1982; US EPA, 1995a),  Australia 
(Australia EPA, 1996), Indian (Singh & Prabha, 2008). Relatively rare information was read 
about dust emission factors for mining area in EU countries, and this problem remains to be 
solved urgently.  

    Wind erosion occurs naturally and produces a great deal of fugitive dust. Human activities, 
such as mining, coupled with unfavorable weather conditions dramatically increase dust 
levels. The dust-generation process is caused by 2 basic physical phenomena (US EPA, 
1995a):

1. Entrainment of dust particles by the action of turbulent air currents, such as wind 
erosion of an exposed surface or stockpiles.  

2. Pulverization and abrasion of surface materials by application of mechanical force 
through implement (wheel, blade, etc.). 

The first phenomenon known as wind erosion is a process in which surface particles are 
removed, transported and deposited due to the aerodynamic forces of air flow. The study of 
wind erosion dates back to 1941 when the first scientific work was reported in ‘The physics 
of Blown Sand and Desert Dunes’ by British researcher, Ralph Bagnold. Much work followed 
to expand the knowledge of wind erosion processes and their control on agricultural land 
(Chepil, 1958; Chepil & Wondruff, 1963). During the years 1947-1953 laboratory wind 
tunnels and related equipment were constructed for the research on wind erosion and the early 
work were focused on setting up facilities and basic knowledge into the mechanics of soil 
erosion by wind, delineating the factors with major influences on wind erosion, as well as 
developing control methods. Chepil set out to develop the Wind Erosion Equation (WEQ) 
since 1953, and identified the factors that influencing wind erosion including soil cloddiness, 
ridge roughness, field length, climate and vegetative materials. In 1965 the WEQ to estimate 
soil loss on an average annual basis from cultivated lands was published, and the use of the 
equation includes estimation of fugitive dust emissions and prediction of horizontal fluxes to 
compare with vertical aerosol fluxes.  Despite later improvements to WEQ there are still some 
shortfalls the WEQ was not easily adapted to untested conditions or climate.  The wind 
Erosion Prediction System (WEPS) project started in 1985 trying to replace the WEQ by a 
process-based computer simulation model that would compute surface conditions on a daily 
basis. Research continued into the development of WEPS and after 1994 researchers 
developed a user-friendly graphical interface for WEPS and WEPS technical documentation.  
In the year 2005 the research was continued on field testing of WEPS. 
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    During the research on wind erosion scientists started to realize the severity of dust 
production from industrial sites and as early as 1961 Central Mining Research Station had 
figured out dust problem due to washery. Cowherd in the year of 1979 initiated the 
measurements of fugitive dust emissions from haul roads. In the same year Zeller et al. tried 
to estimate dust production from surface mining in USA. Shearer et al (1981) have reported 
the development of coal mining emission factors since then dust emission factors have 
become important factors used to estimate dust production from source activities. They have 
been further researched and developed. US Environmental Protection Agency (USEPA) by 
that time had carried out numerous studies on dust emission from surface mining and 
emission factors, from 1974’s Development of Emission Factors for Fugitive Dust Sources till 
1995’s (US EPA, 1995a) Compilation of Air Pollution Emission Factors where they 
established dust emission factors with respect to different mining activities for western US. 
With the help of established emission factors the empirical formulae were derived for the 
determination of emission rates for western surface coal mining activities (US EPA, 1995b). 
Since geo-mining conditions, site practices and prevalent micro-meteorological conditions 
can be distinctively different from western US, therefore dust emission factors for other 
regions must be established according to the local specific conditions. There have been 
several works on emission factors for Indian surface coal mines (Ghose and Majee, 2000; 
Chakraborty et al, 2002; Ghose, 2004; and Chualya, 2006), and there are some Chinese 
studies on dust emission factors as well (Xuan, 1999; Xuan et al, 2000; Chang, 2006).  
Emission factors for mining sites in Sweden remain undeveloped though there has been some 
work on dust generation from gravel roads (Edvardsson, 2010). 

1.2 Objectives 

The research has four objectives. Firstly, the fundamental concepts of soil wind erosion are to 
be presented and acquaint readers with basic mechanisms of soil particle movement. The 
forces acting upon a particle in motion and the particle concentration profile in air must be 
explained in order to clarify the wind erosion process. Secondly, with the help of 
development in soil wind erosion dust generation from mining area is to be described with 
respect to its adverse effect, sources, characteristics and estimation. Thirdly, the results from 
evaluation of dust fallout during the period Aug. 2009 to Aug. 2010 in Malmberget mine in 
Sweden and the tests on surface soil from the open area close to the open pit are to be 
discussed and the characteristics of dust fallout distribution will be clarified and source 
activities will be identified. Estimation of dust problem can be done by calculation of 
emission factors. Once emission factors are established, dust generation can be estimated and 
predicted for ongoing and proposed mining activities and thus the effective dust control can 
be planned and implemented. This factor is a site specific factor and the value for mining 
areas in Sweden remains undeveloped. Therefore the last objective will be to introduce 
method to establishing dust emission factors and give proposals for the field experiments in 
Mining areas in Sweden. 

1.3 Scope and limitations 

Dust generation is a general problem which can arise from several natural and manmade 
sources including desert, exposed dry surfaces, agricultural land, road construction, quarry 
washery and mining sites. Though dust generation mechanisms could be the same this 
research will be focused on the dust production from mining sites with respect to source 
activity identification, dust distribution characteristics and emission factor development. 
Surface mining is much more deteriorative to ambient air quality and this research is focused 
on surface mining dust production rather than fine dust produced inside the underground 
mine. Malmberget mine in Swden will be used as case site. Though the mining method is now 
dominated by underground mining, the research will mainly stress the subsequent dust 
problems from previous open pit mining as well as haul roads and stockpiles which are 
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common components for a surface mine. Particles that are moveable by natural wind or 
manmade disturbances can be in a wide range of size from several micrometers, which is not 
overly responsive to gravitational forces, to 2000 m, which is not able to leave surface and 
only moving as surface creep. PM2.5 and PM10, which are defined as fine particles smaller 
than 2.5 m and 10 m, are very important in underground mine environment where the 
ventilation must be adequate to dilute PM2.5 and PM10. However this research will be mainly 
coping with total suspended particulate matter (TSP) which includes all particles that can be 
transported long and short distances. Laboratory work comprises the main part of this 
research while field experiments are recommended to be implemented in the subsequent 
work. Computer modeling of dust production is a useful tool for dust estimation and 
prediction, yet it is beyond the scope of the research.  
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2. Theoretical fundamentals of wind-blown sand and dust

2.1 Soil particle characteristics  

2.1.1 Particle shape and size 

Physical characteristics such as particle shape, size and density play an important role in the 
process of particle entrain, transport and deposition by wind. The shape of a particle 
encompasses all its aspects of external morphology (sphericity), roundness (sharpness) and 
surface roughness. The shape of soil particles can be highly irregular (Gillette and Walker, 
1977; Pye, 1994). Their general form ranges from plates to spheres, roundness is ranging 
from very angular to well-rounded and their surface roughness could be rough to smooth. 
Practically the size of particle can be determined by a series of progressively finer square 
mesh sieves. The size measured by this manner does, however, not accurately represent the 
size of a particle because particle size is closely related to particle shape.  Equivalent particle 
size is introduced to address this problem and it is defined as the diameter of a sphere of 
which certain aerodynamic or optical properties are identical to those particles under 
consideration. Since aerodynamic behaviors of spheres are well understood, all the 
simulation, modeling and experimenting could be done for spheres with equivalent size. 
Table 2.1 lists various definitions of equivalent particle size and the studied problem 
determines the suitable definition of equivalent size. The terminal velocity equivalent 
diameter is adequate when addressing the problem of particle sedimentation while it might 
not be suitable when studying 

Table 2.1 various definitions of equivalent particle size (After Allen, 1981) 

Symbol  Name Definition Formula 
dm Mass d d of S, same density & mass 

as P 6

3
m

p
dm

dv Volume d d of S, same volume as P 

6

3
mdV

ds Surface d d of S, same surface as P  2
sds

dsv Surface-volume d d of S, same external surface 
to volume ratio as P 

23 / svsv ddd

dd Drag d d of S, same resistance to 
motion as P in a fluid with 
same viscosity & velocity 8

22 vdCF dD
D

df Terminal-velocity d d of S, same density & 
terminal velocity as P in a 
fluid of same density & 
viscosity 

da Projected-area d d of S, same project area as P 
resulting in a stable position 

dp Projected area-d d of S, same projected area as 
P in random orientation  

dc Perimeter d d of S, same perimeter as the 
projected outline of P 

dA Sieve d width of the minimum square 
aperture through which P will 
pass

dF Feret’s d mean distance between pairs 
of parallel tangents to 

2

4 adA

Mean of all possible 
da
L= dc
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projected outline of P 
dM Martin’s d mean chord length of 

projected outline of P 

particle suspension since it dose not reflect the influences of suspension on the radiation 
balance of the atmosphere. In wind erosion studies particle size is usually represented using 
sieves because it is simple to implement despite the fact that it is not the best technique for 
particle size representations. 

    Soil particles have a wide size ranging from 2m to less than 0.1 m. This range is roughly 
divided into four categories, namely gravel (2000 m <d  2m), sand (63 m <d  2000 m), 
silt (4 m < d  63 m), and clay (d< 4 m). There are some similar but somewhat different 
classifications, but in sedimentology the detailed classification of Udden-Wentworth grade 
scale (Udden, 1914; Wentworth, 1922), or a modified version is used (Friedman and Sanders, 
1978) (see table 2.2). In 

Table 2.2 The Udden-Wentworth particle-size scale and modifications by Friedman and 
Sanders (1978) (Modified from Pye 1994) 

Size
(mm)

Ø Size class terminology of 
Wentworth (1922) 

Size class terminology of 
friedman and Sanders 
(1978)

Common name 

Very large boulders 
2.048 -11

Large boulders 
1.024 -10

Medium boulders 
512 -9 Cobbles

Small boulders 
256 -8

Large cobbles 
128 -7

Small cobbles Gravels
64 -6

Very coarse pebbles 
32 -5

Coarse pebbles 
16 -4 Pebbles

Medium pebbles 
8 -3

Fine pebbles 
4 -2

Granules Very fine pebbles 
2 -1

Very coarse sand Very coarse sand 
1 0

Coarse sand Coarse sand 
0.5 1

Medium sand Medium sand Sand
0.25 2

Fine sand Fine sand 
0.125 3

Very fine sand Very fine sand 
0.063 4
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Very coarse silt 
0.031 5

Coarse silt 
0.016 6

Silt Medium silt Silt
0.008 7

Fine silt 
0.004 8

Very fine silt 
0.002 9 Clay Clay 

Clay 

Udden-Wentworth’s classification the grade scale boundaries are logarithmically transformed 
into , expressed by: 

)(log
0

2 d
d

                                                                                                             Eq. (2.1) 

where d0 is a normalization factor, conventionally set to 1mm. Particle size characteristic of a 
given soil is best described by particle size distribution (PSD). PSD defines the relative 
amount of particles present sorted according to size. PSD can be used to distinguish different 
textures of soil. Figure 2.1 shows the classification of soil texture according to content 
percentage of clay, silt and sand by the United States Department of Agriculture. Shao (2008)  

Figure 2.1 Type of soil texture according to the content percentage of clay, silt and sand 
classified by the United States Department of Agriculture 

summarized that sandy soil has a particle size mode of 200 m, and particles with 100 m-
300 m accounting for a high percentage. While a silty-clay soil has a particle size mode of 
100 m, and particles smaller than 10 m form a high percentage. Loamy soils are in between 
of sandy soils and silty-clay soils, and have a particle size mode of 200 m. 

2.1.2 Forces on a particle in motion and terminal fall velocity 

Forces on a particle in motion 
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A soil particle moving with air flow is subjected to five forces during wind erosion, namely 
the gravity force Fg, aerodynamic drag Fd, aerodynamic lift Fl, the Magnus force due to 
particle rotation Fm, and the electric force FE. Since the density of air is very small relative to 
the density of the particle and thus the buoyancy acted on an airborne particle is negligible. 
Consequently Fg is simply the particle weight and equals –mg.

Figure 2.2 a shows the mechanism of aerodynamic drag Fd. When a particle is moving with 
the airflow there is a force (Fg) exerted by the air flow on the particle in an opposite direction 
to that in which the particle is moving relative to the flow direction. Fg is produced because of 
pressure difference between frontal region and wake region of the moving particle through 
momentum transfer from air flow to the particle by molecular motion (viscous effect). This 
force can be calculated by the integral of total stress over the particle surface. Mutually the 
particle puts an equal opposite force on the flow. As the pressure distribution over a particle 
surface is very difficult to measure the aerodynamic drag is often expressed in terms of 
particle to fluid relative velocity, ur by  

rrdd UAuCF
2
1

                                                                                                     Eq. (2.2) 

Where Cd is the aerodynamic drag coefficient, A is the particle cross-section in the ur
direction, and Ur is the magnitude of ur. Cd is a function of particle Reynolds number (Rep = 
Urd/ ) and has been studied by a lot of researchers and is well understood. When in the 
Strokes region (Rep << 1) the fluid motion in the vicinity of particle is dominated by viscous 
forces and fluid inertial is negligile. Cd is inversely proportional to Rep and Stoke’s law Cd = 
24/Rep applies. The 
Stoke’s law starts to fail at about Rep =10. When 10 3< Rep < 3*105 pressure induced drag 
dominates instead of viscous drag and Cd is about 0.5 almost independent of Rep. As Rep
continues increasing the boundary layer over the particle surface is going on a transition from 
laminar to turbulent flow, so the pressure distribution around the particle is tremendously 
changed resulting in a large decrease of Cd from about 0.5 to about 0.1. 

Figure 2.2b illustrates the production of lift force. The pressure in the faster flow over the 
upper side of a particle in air flow is smaller than the pressure in the slower flow over the 
lower surface of the particle resulting in a pressure gradient normal to the shear in the 
direction of decreasing velocity. The aerodynamic lift (Fl) force can be approximated in a 
similar way to aerodynamic drag force: 

dUACF ll
2

2
1

                                                                                                     Eq. (2.3) 

where 2U is the gradient of 
2uU and is the gradient operator. Cl is the aerodynamic 

lift force coefficient and is proportional to Cd (Chepil, 1958). Fl is important only if a sphere 
particle is placed in flow of strong shear. Particles are randomly spherical in reality and Fl can 
be very important in uniform flow since the irregular shape would disturb the surface velocity 
and thus differing pressure distribution.  

    Figure 2.2c shows the mechanisms resulting in the Magnus force. The rotation of the 
particle is due to the fact the top side of the particle (A in figure 2.2c) moves in the same 
direction as a result of faster flow due to reduced pressure, but the opposite happens on  the 
bottom side of the particle (B in figure 2.2c). Magnus force is dependent on Rep and the ratio 
of vs/Ur where vs is the circumferential speed of the particle (Tritton, 1988), yet the magnitude  
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Figure 2.2 An illustration of aerodynamic force, lifting force and Magnus force (Modified 
from Allen, 1994 by Shao, 2008) 

of Magnus force is not well understood. White and Schulz (1977) and Anderson and Hallet 
(1986) used the following expressions of Magnus force during their research: 

For small Reynold’s number: 

rpm udF
8

3

                                                                                                    Eq. (2.4) 

For large Reynold’s number: 

rpmm udCF
8

3

                                                                                               Eq. (2.5) 

where p is angular velocity of the particle, and Cm is a coefficient accounting for the 
dependency of Magnus forces on Rep and vs/Ur.

A soil particle may be charged and an electric field E produced between the moving particles 
in the air flow and the ground surface. The electric field only has a vertical component 
because the horizontal component is negligible.   The electric force Fe exerted by E on 
windblown particles could be as large as the gravity force and therefore appears to be rather 
important and should be considered carefully during studying windblown sand physics. 
Despite this fact Fe is very difficult to quantify and is probably quite stochastic. It is usually 
neglected to simplify the equations of particle motion. The expression for Fe is: 

EmCF ee                                                                                                                     Eq. (2.6) 
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Terminal velocity 
When a particle is transported in a flow its travelling velocity starts to increase due to 
gravitational force until the increase of the drag force is balanced with the gravitational force 
and the particle is then moving at a terminal velocity of a constant value. By definition 
particle terminal velocity is that particle-to-fluid relative velocity at which the particle 
experiences zero acceleration (Shao, 2008). When considering the terminal fall velocity of a 
particle the aerodynamic force can be neglected without causing significant error in prediction 
of particle motion. The Magnus force and the electric force are also neglected because of 
complication and difficulties in quantifying them though they appear to be quite important in 
particle motion (Shao, 2008).  When a particle settling in still air, where flow velocity is zero, 
the particle terminal velocity is the vertical terminal velocity of fall. Particle terminal velocity 
(wt) is found to be related to Rep. For small Rep where Cd = 24/24Rep, wt can be calculated by: 

v
gd

w p
t 18

2

                                                                                                                  Eq. (2.7) 

For 103 < Rep < 3*105, Cd is a constant of about 0.48, so terminal fall velocity is: 

2
1

66.1 gdw pt                                                                                                           Eq. (2.8) 

For non-spherical particles, the expression is modified to: 

2
1

2

d
t AC

mgw                                                                                                              Eq. (2.9) 

As can be seen from Eq. (2.8) and Eq. (2.9) wt is proportional to d2 for small particles (small 
Rep) and is proportional to d1/2 for large particles (large Rep). If a particle has a terminal 
velocity smaller than the velocity of the vertical component of air flow the particle will be 
kept suspended, otherwise it settles back to the ground surface. This is used to divide dust and 
sand.

2.1.3 Definition of dust and sand 

Soil particles will be set in motion when wind velocity is high enough to initiate the 
movement. Upward and downward components of eddy velocity have been found to be less 
than the components of eddy velocity in the other directions close to the ground. An average 
ratio of upward eddy velocity to the mean wind velocity is found to be 1/5 though this figure 
could be somewhat varied (Bagnold, 1941). The particle size with fall velocity of 1/5 of mean 
wind velocity is a division below which the particle will be carried upwards by upward 
eddying, and above which the particle will be too large to be carried upwards and only remain 
in partial suspension. We might therefore expect that in natural sand there is a lower limit of 
grain size since below this limit the particle is in suspension in air. This limit usually is in a 
range of 0.3 mm to 0.5 mm (Udden, 1898; Wentworth C, 1932). Bagnold (1941) defined the 
lower limit of size and dust as: 

          ‘The lower limit of size of sand grains, without respect to their shape and material, is 
that at which the terminal velocity of fall becomes less than the upward eddy currents 
within the average surface wind. Particles of smaller size tend to be carried up into the 
air and to suspend as dust.’
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Silt and clay are usually classified as dust. Bagnold (1941) also gave the definition of the 
upper limit of size and sand: 

‘The upper limit of size is that at which a grain resting on the surface ceases to be 
moveable either by the direct pressure of the wind or by the impact of other grains. Any 
substances consisting of solid non-cohesive particles which lie within the upper limit of 
size and the lower limit of size are classified as sand.’

    A particle remains suspended only if its terminal fall velocity (wt) is comparable to or 
smaller than the mean vertical component of the Lagrangian velocity, which is the velocity of 
upward turbulence, for the air parcel which contains the particle.  In neutral atmospheric 
surface layers, u* is the expression for the typical vertical Lagrangian velocity (Hunt & 
Weber, 1979) where  is Karmen number and u* is the friction velocity of the air flow. 
Therefore the ratio of wt / u* can be used to distinguish suspended dust referring to the ratio 
less than 1 and sand referring to the ratio larger than 1. Shao (2001) introduced definitions of 
dust and sand on the basis of wt / u* said that dust are those with particle sizes smaller than d1
and sands are particle sizes larger than d1 where d1 is a solution of: 

*1 udw dt                                                                                                             Eq. (2.10) 

Accordingly the division between dust and sand is not fixed, but depending on the intensity of 
atmospheric turbulences characterized by u*. Generally dust which has a potential for long-
distance travel under almost all wind erosion conditions is comprised of particles smaller than 
20 m in diameter (Gillette, 1981). 

2.2 Wind profile  

2.2.1 Wind profile over a surface  

Bagnold (1941) in his wind tunnel experiment tested the wind velocity profile over a stable 
surface (no wind erosion happens). When the wind is feeble the velocity near the surface is 
proportional to the height and the condition of the flow is called streamlined or laminar 
(figure 2.3 a). Since the molecules in all fluids are in constant motion in all directions the 
momentum is transferred by molecules from fast moving layer of air flow to the slow layer in 
laminar flow. It should be noted that when the wind exceeds a certain critical strength it 
changes from laminar to turbulent flow and the wind velocity is no longer varying linearly 
with height (figure 2.3 b). Instead of individual molecule straying from one layer to next, a 
group of molecules is straying in terms of air eddies and the momentum transference is 
completed by eddies rather than individual molecules. Laminar flow and turbulent flow can 
be distinguished by Reynolds number. Reynolds number (Re) is defined as a dimensionless 
number that gives a measure of the ratio of inertial forces v2/L to viscous forces v/L2 and 
consequently quantifies the relative importance of these two types of forces for given flow 
conditions. Laminar flow occurs at low Re values, where viscous forces are dominant, and is 
characterized by smooth, constant fluid motion, while turbulent flow occurs at high Re values 
and is dominated by inertial forces, which tend to produce chaotic eddies, vortices and other 
flow instabilities. Re can be calculated by the following equation: 

Re
lulu rr                                                                                                             Eq. (2.11) 

where ur is the mean velocity of the object relative to the fluid (m/s), l is a characteristic linear 
dimension ( particle Reynolds number Rep is particle diameter),   is the dynamic viscosity of 
the fluid,  is the kinetic viscosity,  is the density of the fluid.  
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Figure 2.3 (a) Wind velocity profile of laminar flow and (b) turbulent flow (after Bagnold, 
1941)

Figure 2.4 Wind velocity on linear (left) and logarithmic (right) height scales (after Bagnold, 
1941)

     Figure 2.4 shows wind velocity of two turbulent flows measured by Bagnold (1941) in a 
wind tunnel. When changing the linear height scale to logarithmic height scale wind velocity 
became directly proportional to logarithmic height (figure 2.4 right). It should be mentioned 
that two line in figure 2.4 (right) meet the axis of zero velocity at a certain small but quite 
definite height above the surface and this is something very difficult to detect in the linear 
height scale (figure 2.4 left). Bagnold (1941) found that over any given uniformly rough 
surface the vertical wind velocity profile versus logarithmic height can be represented by a 
group of straight lines which converge at a point of zero wind velocity and the height of zero 
velocity only depends on the roughness of the surface. The height of zero wind velocity is 
called k and Bagnold (1941) also found that the value of k is approximately 1/30 of the 
diameter of roughness elements. If a surface for instance has boulders with 30cm in diameter 
the air at a height of 1 cm is still and the wind movement only begins at this level.  

The shear force or drag ( ) exerted by wind per square cm of ground surface parallel to the 
wind direction is expressed by: 

2
*u                                                                                                                         Eq. (2.12)
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where u*  is a quantity having the dimension of a velocity and thus called drag velocity or 

friction velocity. In the mathematical expression . u* is directly proportional to the rate of 

increase of wind velocity with logarithmic height and the factor of the proportionality is 
found to be 5.75. Relating wind velocity to drag velocity and height, the wind velocity profile 
can be expressed by (Bagnold, 1941): 

k
zuv log75.5 *

*u                                                                                                                       Eq. (2.13)

Figure 2.5  Change of wind speed due to change of surface roughness (after Bagnold, 1941) 

    Suppose a wind in its passage suddenly experiences a change of surface texture, for 
example a change of 3 cm diameter pebbles on the up-wind side of the border to 3 mm 
diameter coarse grit on the down-wind side of the border. Therefore the zero wind velocity 
changes from k1=3/30=0.1 cm on the up-wind side of the border to k2=0.3/30=0.01 cm on the 
down-wind side (figure 2.5). The new height of zero velocity is moved forward due to 
reduced size of roughness elements, and consequently the flow at greater heights move 
forward progressively through the little eddies of turbulence. The meteorological forces of the 
wind more remotely from the surface, however, are not influenced by the local change of 
roughness. The shearing stresses that meteorological forces maintain in the air thus remain 
unchanged which means u* must be as the same as before. Therefore the wind velocity 
distribution after the change of surface texture is expressed by a parallel line to the old one 
with a new zero velocity height (figure 2.5). 

2.2.2 Impact of soil movement on wind velocity 

The wind profile over a stable surface has been elaborated and the profile will certainly be 
changed once the soil is initiated to motion due to particle-flow interactions. Bagnold (1941) 
measured wind velocity above a wetted surface (no wind erosion happens) and dried surface 
(wind erosion happens) in a wind tunnel. His results are shown in figure 2.6 where dotted 
lines indicate the wind velocity above the fixed surface and heavy line is the wind velocity for 
a surface with sand moving. Apparently sand moving has profoundly altered the state of the 
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wind. For the dry surface it was found that drag velocity of 22 was the threshold where the 
sand motion was initiated. Before reaching the threshold all wind velocity lines, regardless of 

Figure 2.6 Wind velocity distributions over a fixed surface and erosion surface (after 
Bagnold, 1941) 

u*, converge approximately at the same point where wind velocity was zero. Once sand 
started to move wind velocity close to the surface was reduced due to the impact of moving 
sand and the threshold velocity (called impact threshold) was also reduced because of the 
extra drag of bouncing sand results in less momentum from the wind force to initiate sand 
motion. Wind velocity for higher strengths is no longer straight lines. Like wind profile over a 
fixed surface, all wind velocity lines over a wind erosion surface converge to a focus at a 
height of k’. The value of k’ depends on the amplitude of the ripples. For figure 2.6 its value 
is seen to be about 0.3 cm. Figure 2.7 shows a simplified wind velocity profile where wind 
velocity over on erosion surface is approximated by a group of straight lines. If the line of   
u*

’= 62 continues downwards through the focus it will meet the ordinate of zero velocity at 
the height of 0.05 cm. This means that the state of the wind is the same as the wind blowing 
over a fixed surface with roughness elements of 0.05*30=1.5cm in diameter. The 
mathematical expression for wind velocity v at any height above the sand driving surface is 
(Bagnold, 1941): 

tu
k
zuv '

'
* log75.5                                                                                                   Eq. (2.14) 

where u*
’ is drag velocity above a sand driving surface and ut is the threshold velocity 

measured at k’.
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Figure 2.7 Simplified Wind velocity distribution (after Bagnold, 1941) 

2.2.3 Threshold drag velocity 

Threshold velocity is a wind velocity for soil where aerodynamic forces are sufficient to 
dislodge particles from surfaces and initiate the movement. Along with probability 
distribution of wind speed, threshold velocity determines the frequency of wind erosion. 

Size, shape, and bulk density of discrete soil particles considerately influence soil 
erodibility by possessing various threshold velocities. Equivalent diameter assembles the 
integral characteristics of size, shape and bulk density. The most erodible soil particles are 
about 0.1mm, and they require a minimal drag velocity to initiate motion (Chepil, 1958a).   
The threshold velocity increases for particles that are larger and smaller than 0.1mm (Figure 
2.8).

Adding moisture to soil results in addition of binding forces between soil particles and this 
in turn increases u*t. Different amounts of moisture content have different impact on wind 
erosion because water exists in different forms and this will be discussed in section 2.5.3. 
Adding roughness to an erodible surface increases u*t through adsorption of adsorption of 
momentum to roughness elements. Roughness elements can be of several kinds. Wind erosion 
process can be mitigated either by stubbly crop residuals on the ground or by protection from 
large nonerodible soil particles or clods. Large roughness elements, such as bushes, shrubs or 
trees also provide protection to soil from wind erosion. Gillette and Stockton (1989) 
performed experiments to investigate the effect of nonerdible particles on wind erosion of 
erodible surfaces. They measured wind stress versus mass flux of erodible sand particles for 
three erodible sphere sizes mixed with three nonerodible sizes in different percentages. They 
concluded that threshold frictional velocity increased with increasing erodible particle size 
and with proportion of nonerodible particles. 

    Chepil (1952) published the laboratory procedure for determining threshold friction 
velocity as following: 
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Figure 2.8 Threshold drag velocity versus equivalent diameter (Chepil, 1951) 

1. Prepare a nest of sieves with the following openings: 4mm, 2mm, 1mm, 0.5mm, and 
0.25mm. 

2. Collect representative sample from the surface layer of loose particles (approximately 
1 cm in depth for an encrusted surface), and the area to be sampled should not less 
than 30cm by 30cm. Remove any rocks larger than about 1cm in average physical 
diameter. 

3. Place a collector pan below the bottom sieve, pour the sample into the top sieve, and 
place a lid on the top. 

4. Move the covered sieve by hand using a broad circular arm motion in the horizontal 
plane. Do 20 circular movements at a speed just necessary to achieve some relative 
horizontal motion between the sieve and the particles. 

5. Inspect the sieve and determine where the mode in the aggregate size distribution lies, 
and that is between the opening sizes of the sieve with the largest catch. 

6. Determine the threshold friction velocity using table 2.3 

Table 2.3 Threshold friction velocity with respect to sieve openings (Countess Environmental 
4001 Whitesail Circle, 2006) 

Tyler Sieve No. Opening (mm) Midpoint (mm) U*t (cm/s) 
5 4
9 2 3 100

16 1 105 76
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32 0.5 0.73 58
60 0.25 0.375 43

2.3 Process of wind erosion 

Soil wind erosion is a process in which surface particles are entrained, transported and 
deposited due to the aerodynamic forces of air flow. Dust is generated and transported far 
distances during this process. Whether surface materials are detached or transported away is 
determined by the balance of two forces, namely the driving force of the wind and the 
resistance force of soil particles against the wind forces. Human activities enhance dust 
problems either by degrading soil physical characteristics or by aerodynamic disturbance of 
wind flow over a surface. Degradation of soil structure is completed by any material 
breakdown operations or abrasion of surface materials that decrease grain sizes. Abrasion of 
surface material also provides additional momentum to move particles. Product stockpiles 
protruding into the air layer disturbs the flow pattern, and truck passing along haul roads exert 
air wave on the ground surface. Both of the conditions aggravate dust generation by 
increasing turbulent flow over a surface  

Under natural conditions soil motion during wind erosion is classified into three categories 
which are creeping, saltation and suspension (figure 2.9) (Bagnold, 1941). Hudson (1973) and 
Chepil (1945) gave the division of size for three forms of moition and the percentage of 
grains transported  by these motions.  Medium  sized particles of 0.1 – 0.5 mm in diameter are  

Figure 2.9 Soil particles moving by creeping, saltation, and suspension (Modified from Pye, 
1987)
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most susceptible to wind turbulence and wind erosion is thus initiated by dislodging of loose 
medium sized sand particles by wind uplift during turbulence. This process is called saltation, 
and the proportion of particles moving in saltation varies from 50%-75% taking the largest 
proportion among three motion mode. Saltating particles are too large to be carried higher in 
the suspension, and they are lifted and moved forward a short distance and returned to the 
surface colliding with, dislodging and releasing other medium sized and finer particles. Finer 
particles smaller than 0.1 mm in diameter dislodged by saltation particles are small enough to 
be carried in suspension for a long time because of small gravity, and suspension particles 
account for 3% to 40% of the material in suspension. Most fine particles in suspension 
comprise clay and organic matter.  In surface creep the largest movable soil particles that are 
too heavy to leave the surface in saltation or suspension roll across the surface by wind forces 
or impact of saltating particles. Creeping particles are 0.5 to 2mm in diameter and account for 
5% to 25% of total soil flux.  

2.4 Dust generation mechanism: Sandblasting 

Figure 2.10 Production of fine particles (After Gillette, 1981) 
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Sandblasting refers to the release of dust particles during the impact of saltating particles 
(Grini et al., 2002). Therefore saltation and sandblasting have been recognized as the most 
important mechanism for producing small dust aerosols (Gomes et al., 1990; Shao and 
Raupach, 1992). The dust aerosol may be disintegrated saltation particles or surface material 
ejected by saltation impact. Figure 2.10 shows the process of the production of fine particles 
schematically. When reaching the threshold velocity the particle starts to creep on the surface 
(figure 2.10a). As wind velocity increases, the particle is lifted by air turbulent fluctuations 
(figure 2.10b) and starts to saltate. The saltating particle collides with the surface (figure 
2.10c) and continues in motion by creeping or another lift (figure 2.10d). In collision saltation 
particles can be broken into smaller particles (figure 2.10e) or cause splashing of fine particles 
into air (figure 2.10f).  The processes of breaking of large particles into smaller ones and the 
splashing of fine particles correspond to the process of sandblasting. Figure 2.10f shows 
combined movement of the above processes. A nonerodible element is shown in figure 2.10h. 

2.5 Factors affecting wind erosion of soil 

There are numerous factors affecting soil wind erodibility by changing threshold velocity 
directly or indirectly. Those factors usually interact with each other and may counterbalance 
the opposite effects increasing the complexity of the problem. Chepil (1945) summarized the 
most important factors influencing soil wind erodilibity as follows: 

Air:

1. Velocity  
2. Turbulence
3. Density, affected 

by 
Tem-
perature
Pressure
Humidity 

4. Viscousity 

Ground:

1. Roughness
2. Cover
3. Obstructions
4. Temperature 
5. Topographic 

features

Soil:

1. Structure
affected by: 

Organic
matter
Lime 
content
Texture

2. Specific gravity 
3. Moisture content 

2.5.1 Air 

Wind velocity is a main factor that affects wind erosion. Soil motion initiates only if the 
threshold wind speed has reached. Sand particles are governed by gravitational forces and are 
not influenced by turbulence forces, while fine particles have less weight and will move with 
air turbulent fluctuation. Air temperature influences turbulent fluctuation by bringing up hot 
air parcels and settling down cool air parcels. High humidity helps to clear the dust particles 
because humidity increases the weight of particles and thus increases particle deposition. 

2.5.2 Ground conditions  

Surface roughness is the most important factor influencing wind erosion. Soil surface 
roughness describes the micro variation in the surface elevation of a field (Garcia Moreno et. 
al., 2010) Roughness elements mainly include large aggregates or grains and crops, and the 
value of roughness is dependant mainly on soil texture and human activities, such as tillage, 
which carries underlying coarse materials up to the surface. It is a significant indicator of soil 
erosion by wind because it influences the potential for soil particle retention, emission and 
saltation, and it thus can also help predict wind erosion (Hagen, 1988; Potter et al., 1990; 
Zobeck, 1991). Roughness elements can either activate erosion when appears with low 
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covering densities, or reduce erosion as long as it reaches a certain cover density, called 
inversion-point (Leuven, 1982).  Figure 2.11 indicates  the threshold  velocities  of  erodible  
particles increase with increasing cover density of nonerodible particles with same size, but 
decrease with increase of size of nonerodible elements with same cover density. The 
inversion-point is shown in the figure2.11 as the intersections of neutral threshold velocity of 
bare sand surface (the horizontal line) and threshold velocities with roughness elements 
(diagonal lines). The inversion-point increases with size of the roughness elements.  
Therefore a small decrease of cover density is needed to reduce erosion for small roughness 
elements  than  that  for  large roughness elements. Fine gravel of 2-3 mm in diameter reduces  

Figure2.11 The relation between threshold velocitiy with corresponding cover density (after 
Leuven, 1982) 

wind erosion as long as cover densities are more than 5% (Leuven, 1982). It, however, is 
easily moved under strong wind. Coarse gravels have higher inversion-point but are less 
susceptible to heavy winds. Leuven (1982) explained the influence of the size of roughness 
elements on erosional capacity.  The bigger a roughness element is, the greater the protected 
area behind it, but the more air is stimulated laterally and thus activates erosion. The laterally 
stimulated air creates a lateral hollow which results in the roughness element falling 
backwards into the hollow (figrue2.12). However, gravel with its long dimension vertically 
placed in an erodible surface falls forward when the hollow is big enough to cause instability 
(figure 2.13).  

    If there is sufficient cover density of nonerodible elements on the surface they shelter the 
erodible particles from wind erosion by increasing the threshold friction velocity through 
adsorbing part of wind momentum flux. Gillette and Stockton (1989) measured variation of 
wind stress against the mass flux of erodible sand particles for three erodible sphere sizes 
mixed with three nonerodible sizes in different percentages. At high friction velocities the 
sand fluxes tended towards the cube of friction velocity, while near threshold friction velocity 
the sand fluxes were small. The saltation flux can be expressed by the Owen function, as 
follows:
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Figure 2.12 Photo of a sphere of 2.5cm in 
diameter is moving in opposite direction of 

wind and dig itself into the sand (after 
Leuven, 1982) 

Figure 2.13 Photo of a piece of gravel of 
15cm long falls forward (after Leuven, 

1982)

G = A u* (u*
2 – u*1

2)                                                                                                      Eq. (2.15) 

where A is a constant, u* is friction velocity, and u*1 is threshold friction velocity for particle 
movement in a mixture of erodible particles (apparent threshold friction velocity). 

    When a smooth sand-grain surface is exposed to wind speed above threshold, erosion will 
be initiated and the process will be stabilized when enough nonerodible particles emerge. 
Lyles et. al. (1974) explained the surface stabilization process with an aid of equation (2.16) 
that is the drag partition on a surface with erodible and nonerodible elements, 

 = r + s                                                                                                                       Eq.  (2.16)

where   is  total  drag  on  a  surface, r is  the drag  due  to roughness elements, and s is the 
drag due to intervening surface. Figure 2.14 shows the ebb and flow of the three variables 
during the process from  the  time  that  the  sand  movement initiates till it  ceases. When  
erosion  begins  at  the   threshold, the  total  friction  velocity or  drag  equals  the drag on the  
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Figure2.14 How friction velocity or drag changes as a surface stabilizes by exposing 
noerodiblie roughness elements 

surface (  = s ), that is when no roughness elements are exposed and the drag due to the 
roughness element is zero ( r = 0). Roughness elements emerge as the surface erodes and total 
drag increases, while drag due to intervening surface decreases as a result of adsorption of 
drag by the roughness element. As more roughness becomes exposed, more drag is adsorbed 
and drag on the intervening surface keeps decreasing until it is lowered to the threshold ( s =

t). It is then when the erosion ceases and the surface is stabilized. The difference between 
total drag and drag due to roughness elements equals threshold drag (  – r = t). One 
important principle during stabilization of wind erosion manifested by Chepil (1950) was that 
when soil removal ceased the ratio of the height of nonerodible projections (H) and the 
distance between the projections (L) was a constant for any propotion of the erodible to 
nonerodible fractions present in the soil, erosion varied only with wind velocity and the size 
and specific gravity of erodible fractions. The ratio of H/Lx is called the critical surface-
roughness constant. Chepil and Woodruff (1963) defined the reciprocal of this ratio as the 
critical surface-barrier ratio (CSBR) that will protect erodible particles from wind erosion. 
Lyles et. al.(1974) found, however, that the CSBR is not a constant for a given friction 
velocity regardless of the size and proportion of nonerodible elements, and they thought 
reinitiating of wind erosion on a stabilized surface can be indicated by a dimensionless 
parameter called critical velocity ratio (CFVR) as follows: 

CFVR = u*1 / u*t                                                                                                            Eq. (2.17) 

CFVR is the ratio of total frictional velocity on a stabilized surface of mixture of erodible and 
nonerodible particles and the threshold friction velocity for erodible surface. A CFVR of 1 
means that the surface is not protected by any roughness elements or nonerodible particles are 
too few to supply protection. Erosion begins when CFVR is over 1, and a ratio of 3 means that 
friction velocity must reach three times the original threshold to initiate soil motion. CFVR is 
a result of H and Lx.  Unlike Chepil (1950) and Lyles et. al. (1974), Leuven (1982) calculated 
CSBR as Lx/H ratio for the critical cover density of roughness elements (inversion-point) 
when the effect changes from activation of erosion to reduction of erosion.  

2.5.3 Soil conditions 
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Soil conditions that affect wind erodibility encompass both primary factors and secondary 
factors. The state of soil structure and the stability of the structure are primary factors which 
directly influence threshold velocity, while secondary factors, such as soil moisture, organic 
matter, soil micro-organisms and various products of organic matter decomposition, moisture, 
calcium carbonate, water-soluble salts, and nature of the soil colloids, are those affect 
erodiblity by changing primary factors (Chepil, 1958). 

Soil texture 
Soil particles form aggregates in varying sizes and it is known that these aggregates change in 
time because of freezing, thawing, moisture content, and microorganisms (Bailey et al., 
1973). Dry aggregate size distribution has experimentally been proved as a primary soil 
parameter determining soil loss by wind erosion. Fine material (clay) in soils is an 
intergranular binding agency which holds coarser grains (sand-sized material) together. Due 
to this reason soil containing little fines is very friable and easy eroded by wind whilst soil 
containing plenty of fines will be more resistant to wind erosion. In the other hand, however, 
once wind erosion is initiated the small particles abundant soil will release more fine particles 
because of dislodgment of aggregates by sandblasting due to impact of collision of large 
grains onto the soil surface. Particles or aggregates large enough, which are nonerodible, act 
as a shelter protecting small particles from wind erosion. Fryrea et. al. (1994) reported that 
particles larger than 0.8 mm were stable in winds of 5.8 m/s at a height of 0.3 m and were 
considered nonerodible. Chepil (1958) defined particle > 0.84 mm as the nonerodible fraction, 
and the fraction samller is called the erodible fraction (EF). Woodruff and Siddoway (1965) 
established a wind erosion equation for and showed that among all the variables is most 
sensitive to the dry aggregates size distributions. Table 2.4 shows the different wind erosion 
groups (WEG) with respect to their soil texture, EF and corresponding estimated wind erosion 
indexes (WEI). They have widely varying potential in soil losses. Gillette and Stockton 
(1989) attributed the sensitivity of dry aggregate size distributions to soil loss by wind erosion 
to changes in the threshold friction velocity because of soil texture.

Table 2.4. Wind erodibility group versus soil texture, EF, and WEI (adapted from the Soil 
Conservation Service Manual by Gillette and Stockton, 1989) 

WEG Soil Texture of surface layer EF , % WEI,  Ton/(Acre*Yr) 
1 Very fine sand, fine sand, sand, or coarse sand 93-99 160-310 
2 Loamy very fine sand, loamy fine sand, loamy sand, 

loamy coarse sand, or sapric organic soil materials 
90 134 

3 Very fine sandy loam, fine sandy loam, sandy loam, 
or coarse sandy loam 

75 86

4 Clay, silty clay, noncalcareous caly loam, or silty clay 
loam with more than 35% clay content 

75 86

5 Noncalcareous loam or silt loam with less than 20% 
clay content, sandy clay loam, sandy clay, or hernic 
organic soil materials 

60 56

6 Noncalcareous loam or silt loam with more than 20% 
clay content, or noncalcareous clay loam with less 
than 35% clay content 

55 48

7 Silt, noncalcareous silty clay loam with less than 35% 
clay content or fibric organic soil material 

50 38

8 Soils not susceptible to wind erosion because of 
coarse surface fragments or wetness 

<20 0

4I Calcareous loam, silt loam, clay loam, or silty clay 
loam 

75 86

Soil moisture content 
Soil moisture content is either expressed by gravimetric weight percentage (W = 100*(Gw – 
Gd)/Gd), or by equivalent moisture (Gw / Gw’, where Gw is the amount of water held in soil and 
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Gw’ is the amount of water held by the same soil at the 15-atmosphere percentage). Soil 
moisture content has a critical influence on soil erosion by wind. Deficiency in moisture often 
results in wind erosion since only dry particles are susceptible to movement by wind.  In a 
particulate area, soil type, erosivity of wind, soil cover, topography and human activities are 
usually relatively constant. Soil moisture content is, however, changeable with weather 
conditions. Moisture reduces wind erosion significantly or insignificantly depending on the 
value of water content. Water in soil particles with various water contents exists in different 
forms which produce a range of holding forces between the particles, and consequently 
reduces wind erosion at various rates. The study of influence of moisture content on wind 
erosion was initiated by Chepil (1956) who he found that erodibility decreases rather slowly 
at the beginning with little moisture, then more rapidly with increasing moisture content, and 
reaching zero at about the 15-atmopshere percentage for a drag velocity of about 60 cm/s 
(wind velocity of 14.30 m/s) for four kinds of soils used in his experiment. The 15-
atmosphere percentage corresponds to the upper limit of hygroscopic water and is the water 
content of the permanent wilting point. At this level moisture form water films between 
particles and creates cohesive forces. The relationship between resistance force, , due to the 
water film and equivalent moisture is shown in figure 2.15, and on the average the value of 
equals 6W2.  Compared with Chepil’s result (1956) stated above, Bisal and Hsieh (1966) 
showed there was a difference in the percentage of moisture required to effectively prevent 
soil erosion though their data was in a general agreement with Chepil’s. Bisal and Hsieh’s 
(1966) data showed that at a wind velocity of 7.60 m/s needed 4.0 %, 4.1 %, and 1.8 % of 
moisture to prevent soil movement. Azizov (1977) concluded that moisture content below 4% 
had insignificant influence on wind erosion and moisture content above 4% significantly 
prevents wind erosion. Nickling (1978) also pointed out that moisture content of 3-4% was 
critical for wind erosion of the surface soil. The results of these tests was consistent. However 
most of experiments were not carried into capillary moisture range due to lack of much 
stronger wind to initiate soil movement. Chen et. al. (1996) tested influence of moisture 
content up to 9.52% including water that forms film water, capillary water and field water 
with increasing moisture, and their results are shown in figure 2.16. The increase of threshold 
velocity with increasing moisture content was step-like because the intrinsic changes of water 
forms results in jumps in cohesive forces. The increasing of threshold velocity was divided 
into three stages a, b and c (figure 2.16) where each stage began with a rapid increase of 
threshold velocity with increase moisture followed by a slower increase of threshold velocity 
with further increased water content, until water form changed and came came into next stage 
with a rapid increase of threshold velocity again. Moisture contents of 4%, 6% and 8% might 
correspond to the maximum molecular (film water), capillary and field water holding 
capacity. 

    Chepil (1956) expected the same factors governing dry soil erodibility to also govern 
erodiblity of moist materials, and that cohesive force due to water films would consume part 
of the shear stress. The rate of soil movement of dry soil follows the equation: 

q = C u*
X                                                                                                                                                   Eq. (2.18) 

where  q is  the  rate  of  soil  movement (gm/cm/wide/s), C is a constant depending on size, 
shape and density of the eroding particles, u* is drag velocity over eroding surface which 
equals ( / )0.5 (  is shearing force or drag,  is are density) and X is an exponent which 
equals 3 approximately. Therefore the rate of erosion of damp is as follow: 

X

Cq
5.0

                                                                                                    Eq. (2.19) 
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where  is the resistance due to cohesion of the water films (figure 2.15). He also proved that 
calculated q using  value from figure 2.15 is in a good consistent with measured q. Figure 
2.17 shows the relation between erodibility of soil and equivalent water content after Chepil 
(1956). This indicates that the erodibility decrease rather slowly with increasing water content  

Figure 2.15 Relation between resistance 
due to water films and equivalent moisture 

(after Chepil, 1956) 

Figure 2.16 Step-like variation (indicated 
by a, b and c) of influence of moisture 
content on threshold velocity of loessal 

sandy loam (after Chen et al., 1996) 

at the beginning, then more rapidly with each added water increments (figure 2.17). This 
result was, however, in a collision with the results from Chen et. al.(1996) where they 
concluded that at first the decrease of wind erosion rate with increasing water content was 
rapid. When the water content reached 4%-8% the decreasing of wind erosion rate was 
slowed and almost constant depending on wind velocity and each successive increments of 
water content (figure 2.18). They used an exponential function to express wind erosion rate 
with respect to moisture content: 

Er = a EXP (- bW)                                                                                                        Eq. (2.20)  

where Er is wind erosion rate (g*0.26/m2/min), W is water content in gravimetric weight 
percent, and a, b are regression coefficients.  

2.5.4 Weather conditions 

If there is rain the surface material becomes more dispersed than the soil below. The 
dispersed soil can form a thin crust and thus becomes resistant to wind erosion. Medium-
textured soils contain high amounts of silt are most subject to dispersion and, therefore 
produce the thickest and most compact  crust. This  kind  of  soils  is usually  highly  resistant  
to wind erosion. Sandy soils are less subject to dispersion and due to lack of silt and clay. 
With less crust formation, they are sensitive to wind erosion. A series of rains usually carry 
some of the finely dispersed material downward, leaving coarser sand at the top. These sand 
particles remain loose on the surface and contribute to the initial stage of wind erosion. Small 
showers tend to smooth the soil surface, to loose some of the surface particles. This often 
accelerates rather than alleviates soil movement by wind.  
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Figure 2.17 The average influence of 
equivalent moisture of different soil on the 

rate of soil movement by wind of a drag 
velocity (bottom to top) 47, 63, 88 cm/s 

(after Chepil, 1958) 

Figure 2.18 Relationship between wind 
erosion rate and moisture content under 
different wind velocity (from bottom to 

top) 10, 15, 20, 25 m/s (after Chen et al., 
1996)

2.6 Measuring equipment 

In the study of atmospheric dust two techniques are of interest in measuring airborne dust. 
They are horizontal flux of particles past a measuring station and of vertical deposition of 
particles to the ground. Horizontal particle flux can be measured by passive samplers or active 
samplers. Deposition pans or gauges usually are used to measure the deposited flux of 
particulate matter.  

2.6.1 Passive samplers 

Passive samplers rely on wind to maintain airflow through their intakes. Therefore they must 
use filters of relatively coarser mesh with >40 m to allow sufficient airflow. The coarse 
mesh often results in less accurate measuring; however since passive collectors are usually 
cheap and easy to operate and they are very widely used in field experiments. There are 
several types of passive collectors, such as the Bagnold (1938) sand trap, the Fryrear (1986) 
sand trap and the Leach (White, 1982) sand trap. The Bagnold sand trap measures the 
integrated vertical sediment drift. The original design was a collector with height of 0.76m 
and with of 13mm, having a shape minimizing the interference with air flow. Some recent 
modification has been used where the trap 1m high and 10 mm wide, and which automatically 
aligns itself to the direction of the wind (figure 2.19). Sand traps are mounted on the ground 
and measure near ground horizontal sand flux. Passive samplers are not sufficient in sampling 
dust particle because they cause disturbance in air flow and dust particles are small and easy 
to diverse with disturbed flow.  
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Figure 2.19 Modified passive sand trap (After Nickling, 1994) 

2.6.2 Active samplers 

Active samplers use pumping devices to maintain airflow through their intakes. High- and 
low-volume samplers are active samplers widely used to measure dust concentration at 
specific height. The flow rate for high –volume samplers is between 100 and 1000 L/n, and is 
less than 100L/min for low-volume samplers. The high speed of flow rate of high-volume 
samplers allow they measure the concentration of TSP, while low volume sampler can only 
collect fine particles due to low flow rate. Isokinetic samplers measure suspended dust 
concentration using the same flow speed with the wind speed   by   generating   active   
suction. Figure 2.20 shows   an isokinetic sampler used for measuring dust concentration. It 
has a 13mm inlet orifice and automatically faces into the wind. Airflow is controlled by a 
needle valve and flow meter incorporated in to the sampler.  

Figure 2.20 An isokinetic sampler (After Nickling, 1994) 

2.6.3 Deposition samplers 

Dust deposition is affected by ground surface properties. Therefore a useful way to study dust 
deposition is to use surrogate surfaces to imitate the natural ground. Though the surrogate 
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surfaces are widely used in wind tunnel experiment they are difficult to employ in the field 
for long term dust deposition monitoring. Instead, dust deposition collectors are often used. 
Marble dust collector, inverted frisbee collector and NILU collector (figure 2.21). 
International Standardization Organization (ISO) has considered the NILU collector for 
adoption as an international reference collector for particulate fallout. The mounting stand is 
adjustable in height. 

Figure 2.21 NILU collector ( after Norwegian Institute for Air Research (NILU)
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3 Wind-blown particles from mining area

3.1 Adverse effect of mining dust 

Mining areas are one of the most persistent sources for dust generation because mining 
activities usually produce grain sizes that are prone to wind erosion. The generated airborne 
particulate matter can consist of visible or invisible grains as noticed by naked eyes and 
produce a huge amount of dust concentrations varying spatially and temporarily. Dust small 
enough can be carried away a long distance and cause not only air pollution, but also 
surrounding soil degradation if the dust contains heavy metals.  Prolonged exposure to 
respirable dust is responsible for occupational lung disease for mining workers. Generally 
adverse effects of mining dust can be stated in three aspects: impacts on ecology and 
agriculture, nuisance effects, as well as health and safety effects.  

From an ecological and agricultural point of view dust produces both physical and 
chemical impacts on the areas surrounding a mining site. Physical impacts include blockage 
and damage to stomata, shading, abrasion of leaf surface or cuticle, drought stress and so on. 
Chemical impacts are more important than physical effects because dust deposit on the 
ground can change the soil chemistry which results in competition between plants and animal 
species. It must be pointed out that areas with high ecological value or agricultural resources 
may be more sensitive to dust than any other areas.  Examples of sensitive areas include 
designated nature conservation areas containing sensitive species, intensive horticultural 
areas, and fruit growing areas. Otherwise the potential effect of dust on ecological and 
agricultural land is determined mainly by the following variables: 

1. The concentration of dust in the ambient air and the corresponding deposition rate. 
The deposition rate of dust depends on the surface characteristics of vegetation 
conditions on the site and leaf surface in terms of important parameters like 
roughness and wetness. 

2. Meteorological and local microclimatic conditions and degree of penetration of 
dust into vegetation. The penetration rate of dust into vegetation is individual and 
has chemical effect on plants and animals. 

3. Size distribution of dust particle which is one the most important factors that 
influence dust behavior.

Nuisance dust is the large size fraction of particulate matter that is visible in air. Dust 
effects on people have been recognized as arising from increasing dust concentrations and 
deposition levels, as well as deteriorated air qualities. Dust depositions on windows, outside 
of the house, and on cars are the most mentioned reasons for nuisance dust. The following 
gives the factors that can be used to determine whether surface soiling by dust particles is 
considered as a nuisance (http://www.goodquarry.com/article.aspx?id=22&navid=2):

Deposition on a surface which is usually expected to remain free from dust 
The color contrast between the deposited dust and the surface upon which it settles 
The nature of the illumination of the surface – ‘dignginess’ 
The presence of a nearby clean ‘reference’ surface against which comparison may be 
made
The rate of change in the visual properties of surface 
The identity of the area and the composition of the local community 
Social factors, such as lifestyle and expectations of the observer 
Adverse publicity influencing the expectations of the observer 

The perception of nuisance dust depends on the rate of dust deposition and the time needed 
for dust deposition to become visible. The rate of deposition varies widely with emissions, 
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wind speed and direction, as well as background concentration. Besides background levels, 
the following factors determine the reaction of local people to any additional dust from 
mineral sources (http://www.goodquarry.com/article.aspx?id=22&navid=2):

The frequency of dust deposition incidents. A community may bear with an 
incident once a month, but repeated incident at frequencies of one or twice a week 
seems too much; 
The amount of deposited dust. The amount of dust decreases with distance from a 
source and therefore proximity to the source is a major factor determining the level 
of complaint; 
The area affected by deposition. The affected area is enlarged if emission increases 
and this would probably increase the complaints unless the dust is lowered to the 
accepted level.  

    Health effects of mining dust are mainly related to respirable dust which are small enough 
to penetrate the respiratory system and into the lungs. Those particles are generally beyond 
body’s clearance of cilia and mucous and are more likely retained. Particles smaller than 10 

m in mean aerodynamic diameter are called inhalable dust. This fraction is mostly trapped in 
nose, throat, and upper respiratory system. Long time exposure to fine dust will lead to 
occupational respiratory diseases. The contact of dust with the body may cause irritation to 
eyes, ears, nose, throat, and skin. In addition from a safety point of view some certain dust, 
for example dust from coal and sulphide ores can cause explosions (Field, 1982; Trade Union 
Congress, 2001). 

3.2 Sources 

Airborne dust is generated from mining area. In surface mining air pollution is more acute 
though underground mining operations harm mine workers inside the working zone. When 
opening a surface mine, a huge mount of overburden must be removed to reach to mineral 
deposit which may require excavators, loaders, dumpers, and conveyer belts and could release 
massive particulate matter into atmosphere from overburden material (Ghose, 1989; Ghose 
and Majee, 2007). Other normal mining operations such as size reduction, waste removal, 
transportation, loading and unloading, as well as stockpiling also cause a grear deal of dust 
generation (Ghose and Majee (2000) assessed dust generation in a coal mine in Indian, they 
summarized the main source of air pollution in the area, but it could be applied to most of 
mines. The main sources are: 

1. Loading and unloading of material and overburden 
2. Dust due to movement of heavy vehicles along haul road 
3. Dragline operation 
4. Crushing of material to a convenient size in the feeder breaker 
5. Presence of fire 
6. Exhausts from heavy earth moving machinery 

Jutze (1976) also estimated fugitive dust from some mining operations listed in table 3.1, and 
it shows that truck driving on haul road is the most effective dust generation activity. 

Table 3.1 Estimated quantities of fugitive dust from some mining operations (From Jutze, 
1976)

Operation Number of Estimates Emission Factor 
Oberburden removal 5 0.008-0.45 lb/ton of ore 

0.048-0.10 lb/ton of overburden                  
Shovel/truck loading 5 Up to 0.10 lb/ton of ore 
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Haul roads 4 0.8-2.2 lb/mile traveled 
Truk dumping 3 0.00034-0.04 lb/ton of ore 
Waste disposal 1 Up to 14.4 ton/acre-yr 
Reclamation 1 Variable depending on soil and climate 

Unpaved roads are believed to be an important source for dust generation since driving trucks 
in a mining site often releases huge amount of particulate matter from the roads. Past research 
by the United Stats Environmental Protection Agency’s (US EPA) on emissions for unpaved 
roads indicated that haul trucks generate the majority of dust emission from surface mining, 
accounting for 78-97% of total emission (US EPA, 1998). It is also found that dust is easily 
generated from a stockpile through the process of wind erosion when wind velocity reached 
higher than 2.5 m/s on a sunny day (Howell et al., 1998, Etyemeziana et al., 2003, and 
Jorkevic et al., 2004). Cowherd et al. estimated that about 50% of the total dust released by a 
dumper traveling on unpaved roads while 25% was released during loading and unloading
(Cowherd et al., 1979b).  

3.3 Characteristics of dust emission from mining area 

Due to mining activities both the work zone and the surrounding areas are found to be 
polluted by dust. The temporal-spatial variation of dust particles is a result of wind direction, 
velocity, mining activities, particles dispersion characteristics, topography, control methods, 
and so on. Most of the airborne dust generations are localized to a region where the operation 
takes place (Kissel, 2003). Fugitive dust due to truck transport along haul roads, however, 
could encompass a larger region including the surrounding residential area (Organiscak and 
Reed, 2004). Size distribution, density and mineralogical composition of dust particles 
depend on source materials.  

Dust concentration decreases with increasing distance form the source because of diffusion 
and deposition of particles. The drift distance of dust particles is dependent on particle size, 
initial height of injection into the atmosphere, settling velocity and mean wind speed. Figure 
3.1 shows the  calculated  drift distance with respect to particle size and wind velocity. As can 

Figure 3.1 Drift potential of unpaved road dust (after U.S EPA, 1974) 
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be seen from the figure, U.S EPA (1974) reported that the particles insignificantly affected by 
vertical turbulence will settle within 15 ft (5.112m), and smaller particles will be carried by 
veridical turbulence and drift a longer distance until 100 ft (30.08m) where most of the 
particles are deposited and diffused to a very low concentration. Organiscak and Reed (2004) 
confirmed this result and conluded that airborne respirable, thoracic, and total dust 
concentrations all decreased and approached background concentration within 30.5m from the 
haulage road. Due to diffusion PM10 in TSP in the work zone of the mining site is less than 
that in ambient air and the work zone air is more dangerous in respect of respirable dust 
(Ghose and Majee, 2007). Chaulya (2004) who studied air quality at Lakhanpur area of the Ib 
Valley Coalfield in Orissa state in India also proved the concentration decrease with 
increasing distance from mining centre and the results are shown in figure 3.2.   

Figure 3.2 Dust concentrations decreasing with increasing distance from mining center (after
Chaulya, 2004)

    Sinha and Banerjee (1997) measured particle size distributions of dust from haul roads in 
an Indian opencast iron ore mine and concluded that the particle size distribution in airborne 
dust emitted from the haul road was log-normally distributed and about 60% (figure 3.3) of 
the TSP was within 1-10 m size range. Organiscak and Reed (2004), however, showed that 
at least 80% of the airborne dust generated by haulage trucks was larger than 10 m. Ghose 
and Majee (2007) had the similar results and at the same time figured that there was a very 
small weight percentage of particles coarser than 60 m. The size distribution is apparently 
dependent on various mining operations at different mining sites, but it is not ruleless. 
Chaulya (2004) found that there was a strong correlation between TSP and PM10 and the best 
fit general equation is y = 3.3326x -3.5469 (correlation coefficient of 0.99), where y is 
concentration of PM10 and x is concentration of TSP. Individual linear regression analysis of 
the correlation for residential and industrial area (coalfield) were also indicated by figure 3.4 
with respect to four seasons. This strong correlation between TSP and PM10 indicates that the 
PM10 can be well estimated by knowing the TSP concentration for similar mining conditions 
with which the correlation has been established.

The mineralogical composition of dust particle depends on the source material which is 
either natural soil crust or human disturbed material. Jia (2011) analyzed the mineralogical 
composition of four soil samples (sample locations are discussed in section 3.5.2) from 
Malmberget Mine in Sweden and showed that all soil samples were mainly composed of 
albite, quartz, and K felspar. Two surface samples (Nr2, Nr3) contained moremineral 23   
(bFe, bCa), as well as grossular, and less ilmenit than to deep soil samples (Nr1, Nr4) (figure 
3.5). This  could  be  a  valuable indicator   for the mineral composition of airborne particulate  
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Figure 3.3 Size frequency distribution of haul road dust in Noamundi iron ore mine (after 
Sinha and Banerjee, 1997) 

Figure 3.4 The regression analysis of TSP and PM10 for four seasons, a) for residential area 
and b) for industrial area (after Chaulya, 2004)
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matter. To discriminate the dust origin from mining site which is local level from surrounding 
area and which is regional level, Merefield et al.(1994) analyzed the mineral content the 
samples from both on-site and off-site of a coal mining area of South Wales. The predominace 
of clay minerals such as chlorite and kaolinite, and the kaolinite/clay ratio were indicators of 
material from local source, though some roadworks gave the same off-site koalinite/clay ratio as 
on-site koalinite/clay ratio.  Calcite and dolomite were occurring uniformly over the whole 
study area indicating a region of source of dust generation. The origin of trace element in ore is 
related to the beginning stage of ore formation. Enrichment Factor (EF) is anther way to 
discriminate dust sources. EF gives an idea of the relationship of trace elements to the earth’s 
crust and anthropogenic sources. A EF can be obtained by the following equation: 

crust

air

FeX
FeXEF

/
/

                                                                                                       Eq (3.1) 

Figure 3.5 Mass percentage of mineral composition for soil from Malmberget Mine, Sweden 

where (X/Fe)air is the ratio of the concentration of an element X to that of iron in air, and 
(X/Fe)crust is the ratio in crustal rocks. The earth’s crust contains 5% of iron and more so. Sinha 
and Banerjee (1997) used the EF to identify the source of dust collected at an Indian mine.  
They found that the EF value was less than or equal to unity for Fe, Cd and Mn indicating the 
dust was sourced from earth’s crust. EF for Ni, Co, Zn, and Pb were observed higher than unity 
and thus indicating the contribution of anthropogenic source. 

3.4 Factors affecting dust emission from mining area 

As mentioned earlier dust is generated by two basic physical phenomena and is accordingly 
divided into two categories, namely wind generated dust and mechanically generated dust. In 
mining sites wind erosion of exposed areas and stockpiles is in the category of wind generated 
dust, and its affecting factors include surface material texture, moisture, nonerodible elements as 
well as crust formation and have been described in Chpater2. Mechanically generated dust 
includes truck transportation on haul road, loading and unloading, dumpling, drilling as well 
blasting. It exhibits a wide degree of variability from one site to another, and emission at one 
site tends to fluctuate greatly. Two site characteristics cause these variations: (a) properties of 



35

the exposed material from which dust emission generates, and (b) characteristics of mechanical 
equipment interacting with the surface (Countess Environmental 4001 Whitesail Circle, 2006). 

3.4.1Surface material texture and moisture 

Surface material texture and moisture affect fugitive dust emissions in the same way they 
influence dust generation by wind erosion. The dry particle size distribution of exposed soil or 
surface material determines its susceptibility to mechanical removal. Medium sized particles of 
0.1 – 0.5 mm in diameter are most susceptible to wind turbulence and particle movement is thus 
initiated by dislodging of loose medium sized sand particles by wind uplifting and turbulences. 
Both smaller and larger particles need higher threshold wind velocity to initiate motion and very 
often they start to move by the impact of medium sized particles in motion. Dust emissions are 
known to be strongly influenced by the moisture content of surface material. Water film 
increases the binding force between particles and thus increases the threshold wind velocity to 
initiate particle motion. The moisture level depends on natural precipitation, the rate of 
evaporation as well as moisture movement underneath the surface. Mechanical activities, such 
as vehicle traffic, often intensify the air movement over the surface and thus speed up the drying 
process of the surface material.  

3.4.2 Mechanical equipment characteristics 

Physical and mechanical characteristics of material handling and travelling equipment also 
impact dust generation. Studies have shown that there are positive correlations between 
emissions and vehicle weight and number of wheels of a vehicle for traffic on unpaved road 
(Cowherd et al, 1979a). Similarly it is found that dust emission due to material handling 
increases with increasing wind speed and drop distance (Countess Environmental  4001 
Whitesail Circle, 2006). Frequency of mechanical disturbance affects dust generation to a great 
extent. A disturbance is the action that results in exposure of fresh material to air flow, e.g. 
loading and unloading materials, dumpling, the contact of a truck’s wheels with the surface etc. 
Every time when a surface is disturbed, its dust generation potential is increased by destroying 
mitigation effects of crust, non-erodible elements and increasing exposure of new surface fines.   

3.4.3 Wind speed, wind gust and wind accessibility 

Wind speed influences dust generation and over threshold velocity dust will be generated. Wind 
gusts may quickly deplete a substantial of emission potential of surface materials even when 
mean atmospheric wind speed is not sufficient to initiate particle movement. This is because a 
wind gust can often exceed threshold wind velocity. The magnitude of a wind gust is expressed 
by the fastest 2-minute speed and corresponds to the wind speed giving the largest linear 
passage of wind movement during a 2-minute period. Two minuts is approximately the half life 
of wind erosion process (Countess Environmental 4001 Whitesail Circle, 2006). The 
instantaneous peak wind velocity can substantially exceed the fastest 2-minute speed. Therefore 
the use of mean wind velocity to estimate dust emission is inappropriate though it is the most 
common way to calculate emission. In case of an exposed open area where there is only little 
penetration into surface wind layer, the surface material is uniformly accessible to wind. In 
other cases, e.g. stockpile, the frontal face of stockpile accesses to wind speed of the same order 
as the approach wind speed upwind of the pile at a height matching the top of the pile, while the 
leeward face of the stockpile is exposed to much lower wind speed. 

3.5 Dust generation from Malmberget mine, Sweden 

Malmberget mine operated by LKAB is one of the most important iron mines in Sweden. Figure 
3.6 shows that the mining area  mainly  includes  an area with a huge  open pit (A) and 
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Figure 3.6  Main operation areas in Malmberget mine (from LKAB) 

current industrial center area (B). Due to underground mining processes the land surface 
features have been deformed. The surface soil is prone to wind erosion in this bare area after 
mining. Those who are still living in Malmberg and its vicinities complain about elevated dust 
levels due to the mining activities. As a consequence the properties need to be demolished and 
residents need to migrate. The movement of trucks from the industrial area to dump the filling 
materials into the pit enhanced dust generation. However due to some security reasons the 
filling of the pit was discontinued in March 2009. The main mining operation area includes a 
haul area with a stockpile in use, product stockpile area and sedimentation reservoir for used 
process water (figure 3.6). There are residential areas located both around the open pit and 
nearby the LKAB industrial center.  

3.5.1 Evaluation of dust fallout 

The collected dust from 26 measuring stations (figure 3.7) were used to calculate the dust fallout 
and distribution using the surfer 9.0 program. The dust fallout from August 2009 to August 
2010 is illustrated by contour lines in figure 3.8. The contouring was made for the entire area.  
Generally two sources for dust generation were recognised and are indicated by the contour 
lines (figure3.8).  The first one was located close to the open pit, and the second one was located 
near the current mining industrial center. The relative significance of the two sources was 
changing with time though the industrial center acted as a dominating source for the most of 
time. Among all the data from all measuring stations through the year, the maximum and the 
minimum values were 1284 g/100m2/30d (station 35, May 2010) and 9 g/100m2/30d (station 22, 
December 2009) respectively and are indicated by yellow and grey color in the contour maps 
(figure 3.7 and figure 3.8). Both stations were close to the open pit (see figure 3.7).  Looking  at  
the  contour  lines  through  the  whole  year,   difference   between  maximum  and  minimum  
rates of undertaken dust  fallout  was  over  one thousand. This could be attributed partly to the 
climatic factors, such as wind speed, air humidity, precipitation and so on and partly to the 
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activities undertaken on the site at different periods. The values around 300 to 400 g/100m2/30d 
indicated by the purple color were  considered  as  relatively  high  dust levels through the year. 
However dust fallout reached to an exceptionally  

Figure 3.7 Locations for Dust fallout measuring stations (red dots) in Malmberget mine 

high value on May 2010 (1284 g/100m2/30d). This is believed to be due to a new road 
construction activities at that time. In general the dust fallout was increasing from August 2009 
to May 2010 when it reached the maximum value, and then decreased again until August 2010 
(figure 3.8). However during December in 2009 and February in 2010 a slight decrease in dust 
fallout was noticed. This is believed to be due to snow fall not allowing the dust to be suspended 
in the air.

These trends were also reflected by the curves in figure 3.10 which shows the variation of dust 
mass along a cross section line shown in figure 3.9. Figure 3.8 also shows that the amount of the 
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Figure 3.8 The map of the test area and contour lines for dust fallout from August 2009 to 
August 2010. (The contour lines were made according to the days when data was available, and 
the date is shown below each individual figure.  The color scale is shown on the top to the left.) 
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dust fallout during the year which was unexpectedly low during July and August when the 
climate  was  warm  and  relatively dry, and high during  March  and  April  when  snow was   
still there. This  was  unexpected  since  the  dry  warm weather on July and August should have 
tended to give rise to more dust than it did on March and April when the weather was wet. In 
addition, wind speed is unusually higher during winter than it is in summer months.

Figure 3.9 Source A, Source B and cross section line

    It was apparently, according to figure 3.8, that there were two sources for dust generation 
indicated by the dense contour lines and the color scale. The two sources were marked by A and 
B in figure 3.9. Source A was very close to the open pit which had been considered as the main 
contributor to the dust generation. Source B was closed to LKAB industrial center where haul 
roads and stockpiles were suspected as dust generations. The relative significance of the two 
sources was changing with time. In order to visualize the change through the year, the variation 
of dust fallout along a cross section (the red line in figure 3.9) which passes through both source 
A and source B was illustrated in figure 3.10. The Y-axis stands for the dust mass in 
g/100m2/30day, and X-axis is the horizontal length along the cross section line shown in the 
figure. One remark is that the limitation of the curves was set to be 400 g/100m2/30d as most of 
the peak values were less than 400 g/100m2/30day. However, one must be aware that the peak 
value on May in 2010 was far beyond the limitation which was 1280 g/100m2/30day. If there 
was no drastic change in the weather condition at that time, one could suspect that some special 
work had taken place to produce the dramatic peak value on dust fallout. The two source areas 
(A and B) had more or less have the same dust fallout during August and September 2009 and 
March,  April  and  May 2010  (Black color in figure 3.10).  Area A,  however,  has  higher  dust  
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Figure 3.10 Dust mass along the cross section passes through source A and source B
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fallout values relative to area B during May and June 2010 (green color in figure 3.10) while the 
reverse is true during November and December 2009 and January, February and July 2010 (red 
color in figure 3.10). This means that in May and June 2010, source A was contributing most of 
the dust. In November and December 2009, January, February and July 2010, source B was the 
main dust contributor. During the remainder of the investigated months both sources were 
contributing more or less equivalent amount of dust. Nevertheless the values were higher during 
March and April in 2010. 

Total dust fallout on the entire area was calculated, and the values are shown in Table 3.2 
which also shows the unit mass per kilometer. As two dust sources were spotted, the total mass 
was also calculated for the sub areas around both sources. Figure3.11 marks the sub areas A and 
B by red lines, and area C was lined out because it was a residential area and people were very 
much concerned about air quality. The areas were 7.7km2, 6.5km2, 4.8km2 respectively. Total 
area was 51.0 km2. Looking at the last column for entire area, the highest total dust fallout of 
60100 kg/30d was noticed in May 2010 and the lowest value of 17770 kg/30d was noticed in 
December in 2009. The peak total dust fallout on Area A and Area B were 15610 kg/30d in 
May 2010 and 11840 kg/30d in March in 2010, respectively. The dust distribution curves 
(figure 3.10) along cross section AB generally indicates that the dust concentration were high at 
the pit and industrial areas.  In some of the months (March, April, May, and June 2010) 
however, the concentration at the pit was higher than the industrial area. This is due to the fact 
that new road construction activities were going on during that period close to the pit area. The 
horizontal line in figure 3.10 shows the calculated average dust rate without the effect of road 
construction (months exclusive March, April, May and June in 2010). The net effect of road 
construction was also calculated by extracting this average dust fallout from dust fallout in 
March, April, May and June in 2010, and it is in the order of 51.85, 64.25, 69.95, and 14.64 
g/100m2/30day (Table 3.3). The value for Area C was comparatively low, and the highest and 
the lowest values were 7360 kg/30d in May 2010 and 890 kg/30d in January 2010 respectively. 
The highest value in Area C appeared at the same time when the highest total dust fallout on the 
entire area took place, and source A was dominating in dust production at that time. The unit 
mass for each  area  were  plotted  in figure 3.12. The  shifting  of  significance of two sources is  

Table 3.2 Total dust mass and unit mass on area A, B, C and on the entire area.

Date Area A  7.7km2 Area B  6.5km2 Area C  4.8km2 Entire area 51.0km2

kg/30d g/100m2/30d kg/30d g/100m2/30d kg/30d g/100m2/30d kg/30d g/100m2/30d
2009-
08-24 3330 43 1840 28 1720 36 17980 35
2009-
09-30 3010 39 5040 77 1220 25 20370 40
2009-
11-10 4330 56 7730 119 1660 34 31250 61
2009-
12-02 1770 23 4630 71 1330 28 17770 35
2010-
01-12 4280 56 9380 144 890 18 31110 61
2010-
02-23 4510 59 6850 105 1360 28 26870 53
2010-
03-22 9660 126 11840 182 3240 67 50860 100
2010-
04-26 10600 138 9220 142 5600 116 57190 112
2010-
05-24 15610 203 8220 126 7360 152 60100 118
2010-
06-21 6980 91 5300 81 2580 53 31870 62
2010-
07-26 4350 57 9050 139 1800 37 30840 60
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2010-
08-30 2930 38 4640 71 1380 29 18990 37

Figure 3.11 The area divided into three sub areas A-open pit, B-industrial center and C-
residential area 

more clearly visualized. A conclusion could be drawn that source B was in fact dominating in 
dust  production  for  most  of  the time, though source  A  gave  the  peak  dust  production  in  
May  2010. The Area C (marked yellowing in figure 3.12) showed lower dust values compared 
to areas A and B  because it is away  from  the  mining   activities.  In May in 2010, however, 
the value of Area C was higher than it of Area B and lower than it of Area A. This was probably 
because the wind was from northeast and with the dominating dust production of Area A, dust 
traveled to Area C. The red bar is the unit mass on the whole area and it is the average of the 
area.

Table 3.3 Net dust fallout due to road construction 

Month Dust due to road 
construction activities 

(g/100m2/30d) 
2010-03 51.85 
2010-04 64.25 
2010-05 69.95 
2010-06 14.64 

Two sources for dust generation were recognised, the first (A) near the open pit and the 
second (B) close to the current industrial center respectively. The open pit ‘Kaptensgropen’ had 
been left on site since the completed open pit surface mining was completed and was being 
filled by waste materials day and night till March in 2009 when dumping was discontinued due 
to security reasons. It was likely that the dust situation from source A for the period investigated 



43

was mainly caused by the loose soil edge which surrounds the open pit and frequently fell down 
into the pit because of frost wedging and wind erosion. The material was very dry during spring 
time. Close to source B is the current industrial center where underground mining is ongoing. 
The  material is  crushed and  sorted at the site  during  reusing of old  stockpiles, and  the waste  
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 Figure 3.12  Dust fallout on area A, B, C and the entire area

rock filling is transported to two pits within this area since the filling of ‘Kaptesgropen’ was 
discontinued. Apparently the dust derived from source B was mainly attributed to the trucks 
traveling on haul roads and wind erosion of the stockpiles. According to Malmberget mine 
administration the mining activities were going on at a constant rate. During the summer of 
2009, however, the production was interrupted because of a financial crisis while the extremely 
high level of dust fallout in May was due to an ongoing road construction. The monthly 
variation of the dust level was thus to a great extent dependent on the weather of the year. The 
higher values in March and April could possibly be explained by the high air humidity which 
increased particle weight so that increased the amount of settlement. Unfortunately there was a 
lack of onsite weather information for the mining site, and the wind data from Swedish 
Meteorological and Hydrological Institute did not fit with the date when the dust fallout was 
collected. There is thus a strong recommendation to install weather measurements stations for 
the dust measurement on site in order to disclose more closely the relationship. Considering the 
main operations in areas of the Malmberget mine (figure 3.6) it was concluded that dust 
generation was attributed to three reasons, namely, wind erosion of the exposed area close to the 
open pit, trucks transportation on haul roads, and wind erosion of stockpile. 

3.5.2 Determination of erodible fraction 

Wind erosion of soil from exposed areas in mining sites is one of the sources for dust 
generation. Particle size distribution and mineralogical composition of source soil, erodible 
fraction (EF) of surface soil, moisture, as well as organic matter content are important factors 
that determine the details of the particulate generation process. The size of particles involved 
implies how far and in which mode the particles will be transported by wind. Raupach (1993) 
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has reported that particles of 90 m in diameter travel approximately 5km, particles of 10 m in 
diameter travel 400km and 1 m particles travel more than 1000 km if initial wind conditions are 
strong enough to mix the dust through the entire depth of the convection boundary layer. In 
Malmberget mine four soil samples were taken using a shovel at different depth from the edge 
of the pit and the surface near the open   pit (figure 3.13).  Soil samples were analyzed for 
density, particle size, mineralogical composition, organic matter content, and CaCO3 content. 
The erodible fraction (EF) was determined for also surface samples. 

Figure 3.13 The open pit and sampling locations 

EF is the proportion of particles < 0.84 mm in diameter in the upper 25.4 mm of soil 
(Colazo and Buschiazzo, 2010). The standard method for EF determination is dry sieving using 
the rotary sieve described by Chepil (1962). During sieving, it simulates the dislodging of 
aggregates by the impact of particles transported by wind. The rotary sieves have openings of 
19.2mm, 6.4mm, 2.0mm, 0.84mm and 0.42 mm. EF is the percentage of a fraction passing 
through the opening of 0.84mm. Since the rotary sieve is not commercially available, several 
authors have recommended an alternative method to determine EF by flat sieve which is more 
readily available in laboratories for soil mechanics. In order to sieve the sample with a optimum 
time and amplitude by a flat sieve, a series of experiments testing different time and amplitude 
must be carried out with contrasting EF values until the a good separation of soil aggregates 
without clogging and breakdown are observed ( Lopez et. al, 2007). Lopez et. al. (2007) have 
made a comparison of EF values determined by the two techniques, and the result indicated that 
the flat sieve method adequately measures EF and it can be used as an alternative technique to 
the rotary sieve. If  the rotary sieves are not available, Fryrear et al. (1994) proposed a multiple 
regression equation to calculate EF: 

EF = 29.09 + 0.31(sand) + 0.17 (silt) + 0.33 (sand/clay) – 4.66 (organic matter) – 0.95 (CaCO3)                                 
                                                                                                                                          Eq. (3.1) 

explaining 67 % of EF variability (R2 = 0.67). All the variables are expressed in %. The 
equation was established using soil samples with CaCO3 content below 25% and the sand/clay 
ratio higher than 1.2%. The test samples used by Lopez et al. (2007) had, however, higher 



45

CaCO3 contents and lower sand/clay ratios.  They established other equations explaining 80 to 
90% of EF variability and these equations were considered satisfactory for the great variety of 
soils and can better predict EF: 

EF = 4.77 + 7.43 (sand/clay) +27.6/organic matter                                                         Eq. (3.2)                                  
R2 = 0.881 

As indicated above both moisture content and organic matter partly protects a soil from 
wind erosion by increasing the threshold friction velocity required for entrainment to occur. 
Measured parameters and particle size distributions of samples from Malmberget are shown in 
table 3.4 and figure 3.14. No calcite was detected by Qemscan and consequently, CaCO3 was 
assumed absent in the soil samples. Measured EF values and calculated EF values using 
equation (3.1) and (3.2) are shown in table 3.5. As can be seen from figure 3.13 soil Nr1 and 
Nr4 contained many particles with 100 m in diameter.  Soil Nr2 and Nr3 have, however, 
relatively lower percentage of this size. It suggested that wind erosion brought most of particles 
in 100 m to transportation due to the fact that this size needs the lowest wind speed to initiate 
particle movement. Samples Nr1 and Nr4 were taken from deep in the soil while Nr2 and Nr3 
were surface samples, and their size distribution and densities of the two pairs of samples are 
very similar. In addition, in figure 3.13 the cumulative curves of samples show a break point 
and change of slopes around 600 m. This indicates that the surface creeping population account 
for 15% to 35% and these sizes are less than 600 m. The second break point in the curves of 
sample Nr2 and Nr3 occurs at 150 m indicating that saltation population (600 m-150 m) 
accounting for 50% or more. It is believed that samples Nr1 and Nr4 did not show second break 
point might be due to the fact that these samples were deposited before the mining activities 
began. In such a case very fine particles have little chance to be suspended and/or deposited. On 
the other hand, surface samples reflect present day conditions where mining activities results in 
the removal of vegetation covers and increase wind capacity and consequently very fine dust is 
expected to be suspended and deposited.  

The effect of nonerodible particles is to increase threshold drag of soil movement by 
absorbing part of the momentum exerted by wind to soil surfaces. In standard wind tunnel tests 
under a friction velocity of about 61cm/s which is a common measure of the winds capability to 
erode the soil), about 80% of the non-erodible fraction(aggragates > 840 m) is needed for 
erosion to approach zero on bare unprotected surfaces (Chepil, 1958a). Both of the surface 
sample showed non-erodible fraction lower than 80% (table 3.5), and this means that wind 
erosion of the surface soil was happening and was the reson of dust production. Soil erodibility 
index I is a measure of the intrinsic erodibility of bare soil. It is related to soil cloddiness and its 
value decreases with decreasing percentage of soil erodibile fractions (Woodruff and Siddoway 
1965). The soil erosion index has been developed during 1954-56 by wind tunnel and field 
measurements for the vicinity of Garden City, Kans(Chepil 1950, 1960, Chepil and Woodruff 
1959, 1963, Chepil et. al. 1963). The value of the soil erodibility index can be determined by 
sieving and using table 3.6. For sample Nr 2 and Nr 3, soil erodiblity was determined to be 17 
t/acre and 21 t/acre which gave the average value of the area to be 19t/acre. In Shiyatyi’s 
classification of soil erodibility (1965), soil is highly erodible with EF values >50%, moderately 
erodible with EF values between 40% and 50%, slight erodible with EF values < 40%. Since 
sample Nr2 was collected from the surface soil in the edge of the open pit, the sample was 
coarser than sample Nr3 which was from the non-edge surface area due to the presence of some 
nonerodible aggregates evidently left on the pit’s edge during filling the pit by dumpling 
discharge  of  filling  materials.  Thus  the EF  value  would be  more reliable to the sample Nr2  

Table 3.4 Measured density, moisture content and organic matter
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Figure3.13 Particle size distribution of soil samples from Malmberget Mine 

Table 3.5 Sand, silt and clay fraction for sample Nr2 and Nr3 and the measured EF as well as 
calculated EF 

EF  % Sample
No.

Sand % 
2000 m-

50 m

Silt
%

50 m- 
2 m

Clay
%

<2 m

OC
% Measured

value
Calculated
value by 

eq(1)

Calculated
value by 

eq (2) 
Nr2 37.21 3.89 0.26 0 35.9 88.51 -
Nr3 47.01 3.83 0.27 0.024 40.39 100 -

Sample No. Bulk density 
g/cm3

Dry density 
g/cm3

Compact
density
g/cm3

Moisture
content

%

OC
%

Nr1 1.24 1.05 5.78 15.68 1.46
Nr2 2.20 2.17 6.61 7.92 0
Nr3 2.13 2.08 5.80 1.97 0.024 
Nr4 1.51 1.45 9.38 4.03 0.40
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Table 3.6 Soil erodiblity I for soils with different percentages of nonerodible fractions as 
determined by standard dry sieving (after Woodruff and Siddoway, 1965) 

UnitsNonerodible
fraction

 % 
0 1 2 3 4 5 6 7 8 9

Tens Soil erodibility I t/acre 
0 - 310 250 220 195 180 170 160 150 140

10 134 131 128 125 121 117 113 109 106 102
20 98 95 92 90 88 86 83 81 79 76
30 74 72 71 69 67 65 63 62 60 58
40 56 54 52 51 50 48 47 45 43 41
50 38 36 33 31 29 27 25 24 23 22
60 21 20 19 18 17 16 16 15 14 13
70 12 11 10 8 7 6 4 3 3 2
80 2 - - - - - - - - -

which is 40%. The surface soil close to the open pit from Malmberget mine in Sweden was in 
turn classified as moderately erodible. The wind erodible group (WEG) was closest to WEG 7 
which has a surface soil texture of silt, noncalcareous silty clay loam with less than 35% clay 
content or fibric organic soil material (Gillette &Stockton, 1989). Wind erosion of the soil in the 
area is one of the reasons for dust production though the effect could change with weather 
conditions. WEG 7 is, however, not a highly intrinsic erodible soil group, and this leads to the 
conclusion that the dust problem around the open pit should be mainly attributed to the 
disturbances of surface soils by trucks travelling on haul road and wind erosion of stockpiles.  

The calculated values for EF by equation 3.1 for both samples were overestimated greater than 
50%, and the equation 3.2 even gave values over 100. This means that neither equation is 
applicable to the surface soil from the open area close to the open pit in the Malmberget mine. 
The reason might be due to the established equation 3.1 and 3.2 were based on the samples from 
agricultural land which usually had a more homogenous soil texture than the soil sample 
investigated in the current research because of the tillage which tended to produce uniform 
aggregates size distribution. Extremely high ratios of sand to clay showed in the samples for the 
current research. 
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4 Estimation of dust emission and dust emission factor 

According to US EPA (1995a), an emission factor is a representative value which quantifies the 
amount of uncontrolled air pollution in relation to associated activities. It is expressed as weight 
of pollutant per unit weight, volume, distance, or duration of the activities emitting the 
pollution. Those factors are generally average values representing the long term results of any 
individual source or an activity area including several sources. Estimation of dust problems can 
be achieved by calculating the emission factors. Once an emission factor is established, dust 
generation can be estimated and predicted for any ongoing and proposed mining activity and 
thus the effective dust control method can be planned and implemented.  The general equation 
for emission estimation is (US EPA, 1995): 

E = A * EF *(1-ER/100)                                                                                                  Eq. (4.1)

Where E is emission, A is activity rate, EF is emission factor, and ER is the overall emission 
reduction efficiency (%). More accurately A should be the source extent representing the source 
size or level of activity that is used to scale the uncontrolled emission factor to the particular 
source in question. For exposed open sources (e.g. open surface, stockpiles) A is related to the 
total surface suffering from wind erosion. For vehicle travel A is travel length. For process 
sources such as overburden removal, loading and unloading, A is usually the production rate in 
mass of production per unit time.  

4.1 Emission factor for haul road 

During all mining transportation operations particles are lifted and dropped from the rolling 
wheels resulting in pulverization of in situ rock mass. Dust is generated due to strong air 
currents and the turbulent wake behind a vehicle. To develop the dust emission factor for haul 
road, three parameters are to be considered: characteristics of source activity, properties of 
source material, and climate factor. Characteristics of source activity include vehicle travelling 
speed, the weight of the vehicle. Properties of source material are mainly silt content and 
moisture content. Climate factor includes number of dry days, precipitation, and wind velocity. 
The most extensive equation suggested by Cowherd (1982) is: 

)365/()4/()3/)(30/)(12/(9.5 5.07.0 dWWSsEu                                                      Eq. (4.2) 

where: Eu = unpaved road emission factor in lb-particulates/vehicle  mile traveled year                   
                    (lb/VMT/year) for particles smaller than 30 m with density 25-30g/cm3)
           s = silt content of road surface material, % 
           S = average vehicle speed, mile/h 
           W = average vehicle weight, tons 
           w = average number of vehicle wheels 
           d = number of dry days per year. 

In 1992 Kinsey and Cowherd offered another equation using mean vehicle speed instead of the 
number of wheels, expressed by kilo per vehicle kilometer traveled (kg/VKT): 

365/)363()4/()27/)(48/)(12/(61.0 5.07.0
10

PwWSsEPM                                   Eq. (4.3) 

where: EPM10 = unpaved road emission factor for particles smaller than 10 m in diameter,   
                         kg/VKT/year 
            w = mean vehicle speed, km/h 
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            P = the number of days with more than equal to 0.254 mm of precipitation. 

4.2 Emission factor for open area 

Particulate matter may be emitted from exposed areas by wind erosion. Surface material from 
those sources are usually characterized by non-homogeneous elements (mixture of erodible and 
non-erodile fractions). The erosion potential of a surface tends to decay rapidly since the half 
life of a wind erosion process is only few minutes. Disturbances of surface material, e.g. adding 
or removing of surface material, heavy vehicle passing through the area, can result in restoration 
of the erodible potential by exposing fresh erodible fraction.  The estimation of particulate 
emission is calculated as the sum of dust emitted due to all disturbance periods. Particulate 
matter I emitted during each disturbance period when the drag velocity exceeds threshold.  US 
EPA (1995a) has established a predictive emission factor for wind generated particulate matter 
from exposed surface subject to disturbances as follow: 

N

i
iPkE

1
                                                                                                                                                                                          Eq. (4.8) 

where: k = particle size multiplier 
            N = the number of disturbances  
            Pi = wind erosion potential of the ith disturbance period in g/m2

             i = the number of disturbance periods 

The value of particle size multiplier k is shown is table 4.1. For an open area without any 
activity on the surface, N equals 1. Wind erosion potential is determined by the wind friction 
velocity and it is calculated by: 

)(25)(58 **
2

** tt uuuuP
0P  for u*<u*t                                                                                                                                                                                Eq.(4.9)     

Field testing of exposed materials using a portable wind tunnel has shown that the threshold 
wind speeds exceed 5 m/s at 15cm above the surface (US EPA, 1995a). This usually exceeds the 
upper extremes of the hourly mean wind speeds. However wind gusts easily exceed threshold 
velocity and dust emission estimation should be based on the fastest 2-minute speed during a 
disturbance period. The fastest 2-minute speed is a good representation of the power of a wind 
gust. The measured fastest 2-minute speed is converted to drag velocity u* using equation: 

)ln(
4.0

)(
0

*

z
zuzu    (z > z0)                                                                                             Eq. (4.10) 

Where: z = the height above test surface 
             z0 = is roughness height.

The wind velocity profile is found to follow a logarithmic distribution (figure 4.1). 
Alternatively, drag velocity can be calculated by eq. (2.13). Threshold drag velocity u*t is
estimated according to the procedure described in Chpater2.2.3 page 16.  Drag velocity and 
threshold drag velocity are then inserted to eq. 4.9, and the dust emission factor is estimated by 
eq. 4.8. 

Table 4.1 The value of particle size multipliers (after US EPA, 1995a) 
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Aerodynamic particle size multipliers for Eq.(4.3) 
30 m <15 m <10 m <2.5 m

1.0 0.6 0.5 0.075 

Eq. 4.8 and 4.9 are only applicable to dry, exposed materials with limited erosion potential. 
Theoretically the erosion process will cease when once enough non-erodible material is exposed 
to protect the erodible fraction from removal. However, this is rarely a case in reality because 
the larger the area the more time is needed to stabilize the surface and in fact erosion hardly 
ceases for large fields. One reason is that wind is not blowing continuously from one direction. 
A change in wind direction would prolong the time duration for cessation. The other reason is 
that during erosion saltating particles striking the surface results in the continuous 
transformation of non-erodible elements to the erodible fraction and thus restores the erosion 
potential even when there is no disturbance at all. Due to the large surface area near the open pit 
in Malmberget mine, eq. 4.3 and 4.4 may not be the most appropriate way to estimate dust 
emission. Attempts must be made in another way by setting up field experiments for the 
Malmberget Mine to establish its emission factor. 

Figure 4.1 Logarithmic wind velocity profile (after US EPA, 1995) 

4.3 Emission factor for stockpile 

Estimation of dust emission from stockpiles can be done in the same way as that for exposed 
area. However, if a stockpile significantly protrudes into the surface wind layer it is necessary to 
divide the pile into subareas because physical modeling has shown that frontal face of an 
elevated pile is facing the wind speed as the same order as the approaching wind speed at the 
top of the pile, while leeward face exposes to much lower wind velocity. The actual wind speed 
that each subarea is exposed to can be estimated by modeling of wind distribution over a 
stockpile. When the actual wind speed is known it can be converted to drag velocity in the same 
way as stated previously, and so can threshold drag velocity. The dust emission factor is then 
determined.  

Alternatively US EPA (1989) published a TSP emission factor equation for days when there 
was less than 0.01 inch of precipitation. For days with precipitation at least 0.01 inch there is no 
TSP emission. The emission factor (in units of lb/day/acre of surface) equation is: 
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)15/)(5.1/(7.1 fsE                                                                                                      Eq. (4.4) 

Where: s = silt content of material, % 
             f = the percentage of time the unobstructed wind speed is greater than 12mph at the 

mean pile height. 

The annual TSP emission (in lb/year/acre of surface) from an active stockpile is given by: 

)15/(235/)365(365)5.1/(7.1 fpsTSP                                                                Eq. (4.5) 

US EPA (1995a) reported the ratio of PM10/TSP and PM2.5/PM10 are 0.5 and 0.15 respectively. 
The emission factor for PM10 and PM2.5 can be calculated by: 

)15/)(5.1/(85.0
10

fsEPM                                                                                              Eq. (4.6) 

)15/)(3.1/(13.0
5.2

fsEPM                                                                                             Eq. (4.7) 

A lot of works have been done through out the world for the development of dust emission 
factor. By making use of these established equations the dust emission from the Malmberget 
mine, Sweden can be roughly estimated. However, the emission factor depends on climate 
factors, properties of source material, and characteristics of source activity. Those parameters 
are site specific. Therefore the estimated emission must be validated and emission factor 
equations require improvement in accordance with the local condition. The proposed 
experiment for developing dust emission factors are elaborated in the next chapter. 
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5 Experimental proposals for dust emission factors  

Malmberget mine operated by LKAB is one of the most important iron mines in Sweden. It is 
located at Gällivare, 75km from Kiruna, and contains some 20 orebodies (figure 5.1). The mine 
covers a huge area spreading over approximately 5km from east to west and 2.5 km from north 
to south. Mining began in 1892, since when over 350Mt of ore has been extracted. In 2006, it 
produced around one third of LKAB’s total production of 23.3MT of iron-ore products (Net 
Resources International, 2011). The surface open pit mining method was firstly used to reach 
and exploit the ore minerals. A huge depression was left on site after completed open pit 
mining. Then large-scale sub-ground working became the predominant mining technology in 
the Malmberget iron mine. Particulate emission generated from Malmberget mine is attributed 
to three reasons: vehicle travelling on haul roads, wind erosion of stockpiles, and wind erosion 
of exposed open surface near the open pit (figure 5.1). The haul road is believed to generate 
most of the particulate matter. Haul road, stockpiles, and exposed open surface are classified as 
line source, volume source, and area source, and therefore require different experimental 
technology to establish dust emission factor.  

Figure 5.1 Main sources of dust generation  

5.1 Procedure for establishing dust emission factor  

The purpose of establishing a dust emission factor is to relate the dust production rate due to the 
source activity to the corresponding source property and climatic factors. Figure 5.2 shows a 
flow chart of the procedure to estimate a dust emission factor. The first step is to decide a best 
field measuring technology. Two reported methods are mostly used by US EPA, which are 
exposure profiling methods and dispersion back calculation methods. The exposure profiling 
methods measure airborne particulate matter immediately downwind from the source over the 
effective cross section of the dust plume. The mass of airborne particulate matter is obtained by 
spatial integration of net dust concentration (measured down concentration minus upwind 
concentration). The dispersion back calculation method is called upwind-downwind method by 
US EPA. It is to measure ground level particulate concentration along the central line of the dust 
plume. The emission rate is then back calculated using the dispersion equation to calculate the 
rate that would result in the measured concentration at a given downwind distance. The 
Gaussian or normal distribution is most commonly used in the dispersion model equation. The 
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advantage of the exposure profiling method over the dispersion back calculation method is that 
the estimated emission rate is a measured result and is not constrained by assumptions that have 
made for the dispersion model equation. For a linear source (haul road) it is recommended to 
use exposure profiling method and the measurement is only needed over the effective height of 
dust plume because there is an even distribution of dust concentration in the horizontal 
direction.  It and an area source  is,  however,  difficult  to  define  the  boundaries  of  the  dust  
plume  generated  by a  

Figure 5.2 Procedure for estimating dust emission factor 

volume source and in this case it is necessary to integrate dust concentration both vertically and 
horizontally. Therefore it is suggested to use the dispersion back calculation to estimate dust 
emission factor for stockpile and open surface. The second step includes field measurement and 
lab testing. Field measurement includes particulate concentration measurement and 
measurement of source activity and climatic factor. Laboratory testing is needed to test the 
properties of the source material. The third step is then to estimate dust emission rates by 
integration, if the exposure profiling method is implemented, or by back calculation using a 
dispersion equation, if the upwind-downwind method is implemented. Lastly relate all the other 
parameters to dust emission rate by regression analysis.  
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5.2 Dust emission factor for haul roads 

5.2.1 Test methodology 

The test is proposed to be undertaken involves measuring the downwind mass emissions and 
particle size by the time-integrating exposure profiling method in comparison to the background 
concentration. Since the method isolates a single source rather than artificially shielding the 
source from ambient conditions, it has been recognized by US EPA as a most appropriate 
characterization technique for the broad class of open anthropogenic dust sources (Gregory et. 
al., 2005). The exposure profiling method uses isokinetic sampling (if not isokinetic sampling 
the measured particulate mass must be converted in accordance with the approaching wind 
velocity) to measure airborne pollutant immediately downwind of the source simultaneously at 
the multipoint over the effective cross section of the dust emission plume. Conservation of mass 
approach is used to calculate emission rates. The passage of airborne particles is obtained by 
spatial integration of distributed measurements of exposure over the effective cross section of 
the plume. The measurement can be done by exposure profiler. An exposure profiler consists of 
a portable  tower, 4  to 6 m  in  height,  and  supports 

Figure 5.3 Exposure profiler (after US EPA, 1995a) 

an array of sampling heads (figure 5.3). The particulate emission from a haul road during truck 
driving is a line source, and has a homogenous horizontal dust profile. It therefore only requires 
measurement of the vertical profile of dust plum. A dust exposure profiler must be located close 
enough away to the source to monitor the vertical profile of the dust plume, but far enough to 
allow the dust plume develop, and the minimum acceptable plum distance was judged to be 
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about 20 ft (US EPA, 1974). Usually it is set to be 5 m (US EPA, 1987). At least three high 
volume samplers are required to measure the vertical profile of the dust plume, and at least one 
upwind measurement for a background value (US EPA, 1987). The distance to the upwind 
measurement from the source depends on effects of other sources and it is usually 15 meters 
from the upwind edge of the source. The basic equipment deployment for exposure profiling is 
shown in table 5.1. 

Table 5.1 Basic equipment deployment for exposure profiling (after US EPA, 1995a) 

Location Distance from 
source (m) 

Equipment Intake height (m) 

Upwind 5 1 Dichotomous sampler 2.5
1Standard hi-vol 2.5
2Dustfall buckets 0.75
1Continous wind monitor 40

Downwind 5-10 1 Exposure profiler with 4 heads 1.5 (1.0) 
3.0 (2.0) 
4.5 (3.0) 
6.0 (4.0) 

1 Standard hi-vol 2.5 (2.0) 
1 Hi-vol with cascade impactor  2.5 (2.0) 
2 Dichotomous samplers 1.5

4.5 (3.0) 

2 Dustfall buckets 0.75
2 Warm wire anemometers 1.5 (1.0) 

4.5 (3.0) 

Downwind 20 2 Dustfall buckets 0.75

Downwind 50 2 Dustfall buckets 0.75

The proposed measuring system for the haul road in Malmberget mine is schematically 
shown in figure 5.4. A dust exposure profiler is located 5 meters from the downwind edge of the 
selected section of the testing haul road. Anemometers are proposed to measure wind velocity at 
the same heights as the high volume samplers, and a wind vane is needed to measure wind 
velocity. The measurements should be taken for several runs to even out statistical variations. 
For each run the measuring duration is proposed to be one hour and it should be longer if there 
are too few trucks passing along the road. The actual duration must be recorded. The weight of 
the truck, truck number, and truck speed during the measurement must also be recorded in order 
to relate dust generation to the activity. Several samples from the haul road surface must be 
taken to do laboratory analysis for silt and moisture content since those are important factors 
influencing dust generation. The selection of the section of the test road is important. One rule is 
to select the part of the road which is far enough from the other dust sources so that it eliminates 
interaction between sources. The measurement should be taken when the road is in the direction 
perpendicular to the wind direction. The best test section is where the haul road is perpendicular 
to wind direction. It is anyway also applicable when the road is not exactly perpendicular to the 
wind, but the measurement must be done in the perpendicular direction to the wind. The 
historical wind data from meteorology institute must be considered before select the test section 
of the haul road. 
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Figure 5.4 Test scheme by exposure profiling method (Modified from Gregory et. al., 2005) 

5.2.2 Data analysis 

The amount of suspended dust emitted due to a truck traveling on the haul road is the sum of the 
integrated value of high volume measurements through the effective cross section of the dust 
plume. For a linear source, one dimensional integration is used and that is integration through 
the effective height of the dust plume. According to U.S. EPA (1994), emission factor for dust 
emission due to truck transporting on a haul road is calculated by the following procedures: 

The concentration of particulate matter measured by a sampler is given by: 

C=
Qt
m210                                                                                                                          Eq. (5.1)

where: C = particulate concentration ( g/m3)
            m = particulate sample weight (mg) 
            Q = sampler flow rate (m3/min) 
            t = duration of sampling (min) 

Exposure represents the net passage of the mass of dust through a unit area to the direction of 
dust plume transport and is calculated by: 

E (h) = CUt710                                                                                                            Eq. (5.2) 

where: E (h) = particulate exposure (mg/cm2) at height h (m) 

            C = net concentration ( g/m3)
            U = approaching wind speed (m/s) 
             t = duration of sampling (s) 
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The integration of E (h) over effective height of the dust plume is the total suspended particulate 
matter generated from the haul road, and the effective height of dust plume can be found by 
linear extrapolation of the uppermost net concentration to a value of zero. The integrated 
exposure is: 

A1 = EdhH
0                                                                                                                      Eq. (5.3) 

where: A1 = integrated exposure (mg) 
             E = particulate exposure (mg/cm2)
             h = vertical height (m) 
             H = effective height of dust plum (m) 

The emission factor is for particulate generated by vehicular traffic on the haul road expressed 
in grams of emission per vehicle-kilometer traveled (VKT) is given by: 

e = 
n
A410                                                                                                                          Eq. (5.4)

where: n = number of vehicle passes (dimensionless). Since usually only the suspended 
particulate matter is considered when air quality is to be evaluated, the amount of deposited 
particles can be excluded to calculate total suspended particulate emission factor.  

During the test, the number of vehicle (n), the mean speed of vehicle (v), the mean weight of 
vehicle (w), wind velocity (u) is recorded for each run. A surface sample from the tested haul 
road must be analyzed for silt content (s) and moisture content (m). By doing a regression 
analysis, an emission factor could be related to these parameters to establish an equation, which 
can be used for prediction of dust generation for different truck loads, speeds, wind and so on. 

5.3 Dust emission factor for stockpiles 

5.3.1 Test methodology 

Figure 5.5 Test scheme for stockpile 
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Measurement of dust emission from stockpiles due to wind erosion can be achieved by the 
exposure profiling method. The difference from the measurement for haul road is that the 
downwind measurement must be made over the effective cross section of the dust plume. It is 
difficult to estimate the effective cross section of the dust plume. The measurement can be done 
by using 6 high volume samplers measuring along the centerline of the dust plume (US EPA, 
1995a). Two of such samplers are located upwind at 30 to 100m from the stockpile, and other 
four samplers are located downwind at 30m, 60m, 100m and 200m respectively (figure5.5). A 
wind anemometer must be installed to measure wind velocity and direction. The measured dust 
concentrations will then be used to back calculate the emission rate of the source using the 
dispersion equation.  

5.3.2 Data analysis 

The dispersion equation is used to back calculate the emission rates. The equation uses Gaussian 
or normal distribution to describe the crosswind and vertical distributions that result from the 
turbulent mixing which causes dispersion. Gaussian dispersion modeling is the most commonly 
used method for predicting the impact of non-reactive pollutants (Trinity Consultants, 2000). 
Several assumptions are made to in order to use the dispersion equation (Turner, 1994): 

1. Continuous emissions 
Emission is taking place continuously and the rate of emission does not change over the 
time period of measuring. 

2. Conservation of mass 
The mass of dust that is emitted is assumed to remain in the atmosphere. During the 
transportation of the emission from the source to the measuring equipment none of the 
material is lost due to chemical reaction and none is believed to be removed because of 
gravitational settling. Any emitted material that is dispersed close to the surface is assumed 
to be dispersed away from the surface by other subsequent turbulence. Particles that follow 
the movement of atmospheric turbulence without gravitational settling are typically in the 
size range of <75 m, and mostly composed of particles <30 m. Therefore the emission 
rate calculated by the dispersion equation is TSP30 emission rate. 

3. Steady-state conditions 
The meteorological conditions are stable during the time period of transport from source to 
receptor. This is easy to be satisfied when the measuring equipment is close to the source.  

4. Crosswind and vertical distributions 
It is assumed that at any distance in the downwind direction the horizontal and vertical (both 
are perpendicular to the wind path) concentration distributions are well represented by 
Gaussian, or normal distribution.         

To calculate the concentration along the dust plume centerline from the stockpile, the 
equation is (Turner, 1994): 

u
QC

zy

                                                                                                                   Eq. (5.5) 

where: C = concentration measured (g/m3)
            Q = dust emission rate (g/s) 

y = The standard deviation of horizontal concentration distribution in the crosswind 
direction at the downwind distance x. 
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z = The standard deviation of vertical concentration distribution in the crosswind       
direction at the downwind distance x. 

             u = wind speed (m/s) 

y and z are in fact the horizontal and vertical dispersion coefficients and can be obtained using 
figure 5.6 and 5.7. The lines A-F in figure 5.6 and 5.7 are Pasquill (1961) stability classes which 
is a measure of mechanical and buoyant turbulence. Class A-F refers to strongly unstable, 
moderately unstable, slightly unstable, neutral condition, slightly stable, moderately stable, 
respectively.  Strongly stable condition under low wind speed is sometimes considered as 
stability class G. The stability class is determined by table 5.2 in which the mechanical 
turbulence is considered by the inclusion of surface wind speed (about 10m), and the positive 
generation of buoyant turbulence is considered through the incoming solar radiation 
(insolation).

Figure 5.6 Pasquill-Gifford hortizontal dispersiuon parameter, y, VS downwind distance (after 
Turner, 1994)
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Figure 5.7 Pasquill-Gifford vertical dispersiuon parameter, z, VS downwind distance (after 
Turner, 1994) 

Table 5.2 Pasquill stability class (After Pasquill, 1961) 

Insolation Night
Surface wind speed 

(at 10 m) 
m/s

Strong Moderate Slight Thinly overcast 
or>4/8

low cloud 

>3/8 cloud 

<2 A A-B B - -
2-3 A-B B C E F
3-5 B B-C D D E
5-6 C C-D D D D
>6 C D D D D

Notes:
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1. Strong insolation refers to sunny midday in midsummer, and slight insolation refers to 
sunny midday in midwinter. 

2. Night is the period from 1 hour before sunset to 1hour after sunrise. 

5.4 Dust emission factor for exposed open area 

5.4.1 Test methodology 

Equation 4.9 is applicable to small open surfaces which are exposed for a short time period. For 
larger areas the erosion actually never comes to the cessation because the impact of saltating 
particles and change of weather conditions will expose fresh fine particle and restore erosion 
potential. The estimation of emission factors for exposed areas is recommended to be done by 
back calculation using a dispersion model. An exposed open surface is usually a huge area, so 
downwind measurement should be evenly spread along downwind edge of the area.   Upwind 
measurement is needed to determine background concentration. A wind anemometer is required 
to measure the wind velocity and direction. Figure 5.8 shows the measurement layout for an 
exposed open surface.

Figure 5.8 Test scheme for an exposed surface area 

5.4.2 Data analysis 

US EPA recommended that a Gaussian plume based dispersion model (ISCST3) that should be 
used for ground level area source. ISCST3 is used together with a software package Breeze 
(Trinity Consultants, 2004). The surface area in question and the measurement layout is first 
graphically built in the ISCST3 model. Next the meteorological information is input to the 
model. The information includes hourly wind speed, wind direction, and stability class. An 
initial particulate emission rate Q1 is assumed and the start and stop test times are specified to 
start the first modeling. Modeling results in the output particulate concentration C1 due to Q1.
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The governing equation for ISCST3 is a Gaussian equation which shows there is a direct 
relationship between concentration C and emission rate Q. If C is increase by a factor of x, Q is 
also increased by a factor of x. Therefore by knowing C1, Q1, and C2 (C2 corresponds to the 
measured concentration), the emission rate Q2 that causes C2 can then be calculated by: 

2

2

1

1

Q
C

Q
C

                                                                                                                        Eq. (5.6)

Emission factor is then established by relating calculated emission rate to the characteristics of 
source area, source material properties and climatic factors by regression analysis.  
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6 Conclusions 

Control techniques for fugitive dust generally include watering, chemical stabilization, or 
reduction of surface wind speed with windbreakers or source enclosures. Watering is the most 
common and least expensive method, but provides only a temporary control. Utilization of 
chemicals to treat exposed surfaces may give long term dust suppression though it may be 
costly and have adverse effects on plants and personnel. Those chemicals work by attracting 
moisture, binding dust particles together, sealing the surface, or some combination of these 
effects. Chloride salts are the first category of dust suppressant. They work as moisture 
attractants which draws water out of the air during periods of high humidity and reduces the 
evaporation rate of water during periods of hot days. They tend to hold dust on surfaces but do 
not produce physical bonds. Application of organic or synthetic compounds is an alternative to 
using chloride salts. Organic or synthetic compounds physically bind dust particles together to 
form larger aggregates and produce a surface that resembles pavement with low cost. Chemical 
stabilization would be the preferred technique for the treatment of haulage roads.  Some surface 
mining often leave large disturbed areas unprotected for long periods. Re-establishing adequate 
cover is recommended to control dust generation. Application of polymers or soybean feedstock 
can be used for cover and have the added benefit of reducing the amount of mud tracked out of 
the site by vehicles. Before a reestablished cover starts working watering should be used to 
control dust generation. For dust generated by wind erosion of stockpiles the control method 
also includes limiting the height of stockpiles and modifying the shape and configuration of the 
stockpiles to reduce disturbance. Detailed study on the control methods and their efficiencies 
must be carried out after emission controls have been implemented. 
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Abstract  Dust is produced when mining operations take place. The transportation and 
deposition of dust depends mainly on the climatic factor, as well as surface characteristics. 
Malmberget mine operated by Luossavaara-Kiirunavaara Aktiebolag is one of the most 
important iron mines in Sweden. The mining area includes an area with huge open pit and 
current industrial center area. Both areas are surrounded by residential areas where people are 
suffering from dust problem. The collected dust from 26 measuring stations were used to 
calculate the dust fallout and distribution using surfer 9.0 program. Two sources for dust 
generation were spotted. One was located close to the open pit, and the other was located nearby 
the current mining industrial center. It should be mentioned that the concentration of dust was 
varying with time. The maximum and minimum value was 1284 g/100m2/30d and 9 
g/100m2/30d, respectively. Dust production around Malmberget mine was attributed to three 
reasons, namely, wind erosion of the exposed area closed to the open pit, trucks transportation 
on haul roads, and wind erosion of stockpiles.  Since the mining activities were relatively going 
at a constant level, the variations of dust level were mostly attributed to the climatic factor.  

Keywords Dust - Dust fallout - Malmberget mine-Wind erosion-Haul road-Stockpiles 
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Introduction

Dust is produced when mining operations take place, and the possible sources are blasting, 
overburden removal, shovel and truck loading, haul roads, truck dumping, conveyor transfer 
points, waste disposal and land reclamation (Lyle et al. 1983). Those mining activities generate 
and transport dust particles to the neighborhood in different distances depending on their sizes 
and wind speeds. Depending on speed of the wind particles larger than 10 m can be suspended 
in the air for long distances or deposited short distances within the vicinity of the source area. 
On the other hand, particles smaller than 10 m are usually suspended in the air for a relatively 
long period of time. The amount of dust generated largely depends on the activities exerted on 
the surface during mining. Both type of the machinery work and magnitude of mineral operation 
decide how much dust is generated. The transportation, distribution and deposition of dust 
depend mainly on wind velocity, wind turbulence, direction, air humidity, and precipitation. 
However, wind velocity and wind turbulence are influenced by surface roughness which is a 
matter of surface characteristics of mining site due to variety of mining operations. Dust 
concentration is used to monitor ambient air condition of a mining site, and its value therefore it 
has a close relationship with mining operations. United States Environmental Protection Agency 
(U.S. EPA 1998) has reported that haul trucks generate the majority of dust emissions from 
surface mining sites, accounting   for approximately 78%-97% of total dust emissions. Cowherd 
et al.(1979) estimated that about 50% of the total   dust released during dumper traveling on 
unpaved road while 25% for both loading and unloading. Jutze (1976) also estimated fugitive 
dust from some mining operations listed in table 1. Though the value differs in a wide range it 
confirms that truck driving on haul road is the most effective dust generation activity. 

 Table 1 Estimated quantities of fugitive dust from some mining operations (after Jutze 1976) 

Operation Number of Estimates Emission Factor 
Oberburden removal 5 0.008-0.45 lb/ton of ore 
  0.048-0.10 lb/ton of overburden       
Shovel/truck loading 5 Up to 0.10 lb/ton of ore 
Haul roads 4 0.8-2.2 lb/mile traveled 
Truk dumping 3 0.00034-0.04 lb/ton of ore 
Waste disposal 1 Up to 14.4 ton/acre-yr 
Reclamation 1 Variable depending on soil and 

climate 

In this paper, the dust fallout for the period August 2009 to August 2010 in Malmberget 
mine in Sweden was evaluated using Surfer program. The result showed the monthly variation 
and distribution of dust within the year and the shift of the most significant source for dust. The 
most effective source of dust production will be pin pointed and possible recommendations will 
be given in this research. 

Materials and methods

Malmberg mine operated by Luossavaara-Kiirunavaara Aktiebolag (LKAB) is one of the most 
important iron mines in Sweden. It is located at Gällivare, 75km from Kiruna, and contains 
some 20 orebodies (figure 1). The mine covers a huge area spreading over approximately 5km 
from east to west and 2.5 km from north to south. Mining began in 1892, since then over 350Mt 
of ore had been extracted. In 2006, it produced around one third of LKAB’s total production of 
23.3MT of iron-ore products (Mining-technology.com, 2010). Surface open pit mining method 
was firstly used to reach and exploit ore minerals, with a huge depression (figure 2a) which was 
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abandoned where large-scale sub-level caving was the predominant mining technology in 
Malmberget iron mine later. 

Figure 1 Location of Malmberget mine, Sweden 

                                  a                                                                                 b   
Figure 2a: The open pit in Malmberget (From LKAB), b: an excavator filling the pit

The land surface features were deformed due to underground mining processes. The surface 
soil is prone to wind erosion in this bare area after mining. Those who are still living in 
Malmberg and vicinities complain about elevated dust level due to mining activities. As a 
consequence the properties need to be demolished and residents need to migrate. The movement 
of trucks from the industrial area to dump the debris into the pit (figure 2a) enhanced dust 
generation (figure 2b). However due to some security reasons the filling of the pit was 
discontinued in March 2009. The LKAB industrial center is located northeast to the open pit, 
and the main mining operation area includes haul area with stockpile in use, product stockpile 
area and sedimentation reservoir for used process water (figure 3). There are residential areas 
located both around the open pit and nearby the LKAB industrial center.  
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Figure 3 Main operation areas in Malmberget mine (from LKAB) 

Figure 4 Locations for Dust fallout measuring stations (red dots) in Malmberget mine 
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Figure 5 NILU particulate fallout collector (from NILU) 

Data from 26 measuring stations were used in this research (figure 4). Those locations were 
designed by LKAB, and most of the stations were located in the residential area around the open 
pit which had been considered by LKAB as a main source for dust generation. There were only 
four stations located nearby LKAB industrial center. One station (nr33) was located in the 
residential area north to the open pit to evaluate the impact of the mining site to a distant area. 

The dust was collected almost every month by a particulate fallout collector produced by 
Norwegian Institute for Air Research (NILU) (figure 5). International Standardization 
Organization (ISO) has considered the collector for adoption as an international reference 
collector for particulate fallout. The mounting stand is adjustable in height. The collection and 
weighing of the material was done approximately on monthly bases LKAB. The dust fallout 
was expressed in g/100m2/30day. The systematic data recording started since 2001 despite the 
fact that nonsystematic data is available prerior this date. In this research however, the data 
recorded during the period August 2009 till August 2010 were used. No meteorological 
monitoring was installed in relation to the dust fallout stations. 

Analysis was done by Surfer 9.0 program. Surfer is a contouring and 3D surface mapping 
program that runs under Microsoft Windows. It can quickly and easily converts data into many 
types of outstanding contour, 3D surface, 3D wire frame, vector, image, shaded relief, and post 
maps.

Results and Discussion 

The dust fallout from August 2009 to August 2010 is illustrated by contour lines in figure 7. 
The contouring was made for the whole area shown in figure 6. Generally two sources for dust 
generation were spotted and are indicated by the contour lines (figure 7). The first one was 
located close to the open pit, and the second one was located nearby the current mining 
industrial center. The relative significance of the two sources was changing with time though 
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the industrial center acted as a dominating source for the most of time. Among all the measuring 
stations through the year, the maximum and the minimum value were 1284 g/100m2/30d
(station 35, May 2010) and 9 g/100m2/30d (station 22, December 2009) respectively and are 
indicated by yellow and grey color in the contour maps (figure 4 and figure 7). Both stations 
were close to the open pit (see figure 4).  Looking  at  the  contour  lines  through  the  whole  
year,   difference   between  maximum  and  minimum  dust  fallout  was  over  one thousand. 
This could be attributed partly to the climatic factors, such as wind speed, air humidity, 
precipitation and so on and partly to the activities taken on the site under different periods. The 
values around 300 to 400 g/100m2/30d indicated by the purple color were considered as 
relatively high  dust  levels  through  the  year. However  dust  fallout  reached  to  an  unusually

Figure 6 Source A, Source B and cross section line 

extremely high value on May 2010 (1284 g/100m2/30d). This is believed to be due to a new 
road construction activities at that time. In general the dust fallout was increasing from August 
2009 to May 2010 where it reached the maximum value, and then was decreasing again until 
August 2010 (figure 7). However during December in 2009 and February in 2010 a slight 
decrease in dust fallout was noticed. This is believed to be due to snow fall not allowing the dust 
to be suspended in air.

These trends were also reflected by the curves in figure 8 which shows the variation of dust 
mass along a cross section line shown in figure 6. Figure 7 also shows that the amount of the 
dust fallout along the year which was unexpectedly relatively low during July and August when 
the climate was warm and relatively dry, and high during Match and April when snow was still 
there. This was unexpected since the dry warm weather on July and August should have tended 
to arise more dust than it did on March and April when the weather was wet. In addition, wind 
speed is unusually higher during winter than it is in summer months. 

    It was apparently, according to figure 7, that there were two sources for dust generation 
indicated by the dense contour lines and the color scale. The two sources were marked by A and 
B in figure 6. Source A was very close to the open pit which had been considered as the 
contribution to the dust generation. Source B was closed to LKAB industrial center where haul 
roads and stockpiles were suspected as dust generations. Relative significance of two sources 
was changing with time. In order to visualize the change through the year, the variation of dust 
fallout along a cross section (the red line in figure 6) which passes through both source A and 
source B was illustrated in figure 8. Y-axis stands for the dust mass in g/100m2/30day, and X-  

           

A

B
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Figure 7 The map of the test area and contour lines for dust fallout from august 2009 to august 
2010. (The contour lines were made according to these days when the data was available, and 

the date is shown below each individual figure.  The color scale is shown on the top to the 
right.)
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Figure 8 Dust mass along the cross section passes through source A and source B
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axis is the horizontal length along the cross section line shown in figure 5. One remark is that
the limitation of the curves was set to be 400 g/100m2/30d as most of the peak values were less 
than 400 g/100m2/30day. However, one must be aware that the peak value on May in 2010 was 
far beyond the limitation which was 1280 g/100m2/30day. If there was no drastic change in the 
weather condition at that time, one could suspect any special work had taken place to produce 
the dramatic peak value on dust fallout. The two source areas (A and B) are more or less have 
the same dust fallout during August and September 2009 and March, April and May 2010 
(Black color in figure 8). Area A, however, has higher dust fallout values relative to area B 
during May and June 2010 (green color in figure 8) while the reverse is true during November 
and December 2009 and January, February and July 2010 (red color in figure 8). This means 
that in May and June 2010, source A was contributing most of the dust. In November and 
December 2009, January, February and July 2010, source B was the main dust contributor. The 
remainder of the investigated months both sources were contributing more or less equivalent 
amount of dust. Never the less the values were higher during March and April in 2010. 

Figure 9 The area divided into three sub areas A-open pit, B-industrial center and C-residential 
area

Total dust fallout on the entire area was calculated, and the values are shown in table 2 where it 
also shows the unit mass per hundred square meters per 30 days. As two dust sources were 
spotted, the total mass was also calculated for the sub areas around both sources. Figure 9 marks 
the sub areas A and B by red lines, and area C was lined out because it was a residential area 
and people were very much concerned about air quality. The areas were 7.7km2, 6.5km2, 4.8km2

respectively. Total area was 51.0km2. Looking at the last column for entire area, the highest 
total dust fallout of 60100kg/30d was noticed in May 2010 and the lowest value of 17770 
kg/30d was noticed in December 2009. The peak total dust fallout on Area A and Area B were 
15610 kg/30d in May 2010 and 11840 kg/30d in March 2010, respectively. The dust 
distribution curves (figure 8) along cross section AB generally indicates that the dust 
concentration were high at the pit and industrial areas.  In some of the months (March, April, 
May, and June 2010) however, the concentration at the pit was relatively higher than the 
industrial area. This is due to the fact that the new road construction activities were going on 
during that period close to the pit area. The horizontal line in figure 8 shows the calculated 
overall average dust fallout without the effect of road construction (months exclusive March, 
April, May and June in 2010). The net effect of road construction was also calculated by 
extracting this amount of average dust fallout from overall dust fallout on March, April, May 
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and June in 2010, and it is in the order of 51.85, 64.25, 69.95, 14.64g/100m2/30day (Table 3). 
The value for Area C was comparatively low, and the highest and the lowest value were 7360 
kg/30d in May 2010 and 890 kg/30d in January 2010 respectively. The highest value in Area C 
appeared at the same time when the highest total dust fallout on the entire area took place, and 
source A was dominating in dust production at that time. The unit mass for each area were 
plotted in figure 10. The shifting of significance of two sources is more clearly visualized. A 
conclusion could be drawn that source B was in fact dominating in dust  production  for  most  
of  the time, though source  A  gave  the  peak  dust  production  in  May  2010. The Area C 
(marked yellowing in figure 10) showed lower dust values compared to areas A and B because 
it is away from the mining activities. In May in 2010, however, the value of Area C was higher 
than it of Area B and lower than it of Area A. This was probably because the wind was from 
northeast and with the dominating dust production of Area A, dust traveled to Area C. The red 
bar is the unit mass on the whole area and it is the average of the area. 

Table 2 Total dust mass and unit mass on area A, B, C and on the entire area.  

Date Area A  7.7km2 Area B  6.5km2 Area C  4.8km2 Entire area 51.0km2

kg/30d g/100m2/30d kg/30d g/100m2/30d kg/30d g/100m2/30d kg/30d g/100m2/30d
2009-08-

24 3330 43 1840 28 1720 36 17980 35 
2009-09-

30 3010 39 5040 77 1220 25 20370 40 
2009-11-

10 4330 56 7730 119 1660 34 31250 61 
2009-12-

02 1770 23 4630 71 1330 28 17770 35 
2010-01-

12 4280 56 9380 144 890 18 31110 61 
2010-02-

23 4510 59 6850 105 1360 28 26870 53 
2010-03-

22 9660 126 11840 182 3240 67 50860 100 
2010-04-

26 10600 138 9220 142 5600 116 57190 112 
2010-05-

24 15610 203 8220 126 7360 152 60100 118 
2010-06-

21 6980 91 5300 81 2580 53 31870 62 
2010-07-

26 4350 57 9050 139 1800 37 30840 60 
2010-08-

30 2930 38 4640 71 1380 29 18990 37 

Table 3 Net dust fallout due to road construction 

Month Dust due to road 
construction

activities
(g/100m2/30d) 

2010-03 51.85 
2010-04 64.25 
2010-05 69.95 
2010-06 14.64 
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Figure 10 Dust fallout on area A, B, C and the entire area 

Two sources for dust generation were spotted, the first (A) near the open pit and the second 
(B) close to the current industrial center respectively. The open pit ‘Kaptensgropen’ had been 
left on site since the completed open pit surface mining and were being filled by waste materials 
day and night till March in 2009 where dumping was discontinued due to security reasons. It 
was likely that the dust situation from source A for the period investigated was mainly caused 
by the loss soil edge which surrounds the open pit and frequently fell down into the pit because 
of frost wedging and wind erosion. The material was very dry during spring time. Close to 
source  B is  current  industrial  center  where  underground  mining  is  ongoing. The material is  
crushed and sorted at the site during reusing of old stockpiles, and the waste rock filling is 
transported to two pits within this area since the filling of ‘Kaptesgropen’ was discontinued. 
Apparently the dust situation from source B was mainly attributed to the trucks traveling on 
haul roads and wind erosion of stockpiles. According to Malmberget mine administration the 
mining activities were going on at a constant rate. During the summer of 2009, however, the 
production was interrupted because of financial crisis while the extremely high level of dust 
fallout in May due to an ongoing road construction. The monthly variation of the dust level was 
thus to a great extent dependant on the weather of the year. The higher values in March and 
April could possibly be explained by the high air humidity which increased particle weight so 
that it increased the amount of settlement. Unfortunately there was a lack of onsite weather 
information for the mining site, and the wind data from Swedish Meteorological and 
Hydrological Institute did not fit with the date when the dust fallout was collected. There is thus 
a strong recommendation to install weather measurements stations for the dust measurement on 
site in order to disclose the relationship. 

    It was concluded that dust around Malmberget mine was attributed to three reasons, namely, 
wind erosion of the exposed area close to the open pit, trucks transportation on haul roads, and 
wind erosion of stockpile. Thus the measurements and modeling of dust generation specifically 
for the open pit, haul roads and stockpiles in Malmberget mine are highly recommended. Wind 
erosion of soils is greatly contributing to the global dust and 20-50 % (Shao 2008) of that is 
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derived from human-distributed soils. The wind erosion rate over human-distributed soils can be 
many times higher than that over natural soils. The exposed area near to the open pit in 
Malmberget mine, as an example of human disturbed soil, is generating a considerable amount 
of dust to the local air. Soil wind erosion, which is influenced by numerous factors, is completed 
by particle entrainment, transportation and deposition. Chepil (1950a, 1950b, 1951a, 1951b, 
1951c) has studied the properties of soil which influence soil erosion, and summarized several 
relations between erodibility of soil by wind and apparent density of soils, and state of dry 
aggregate. He also concluded that wind erosion is limited by a critical height of and distance 
between the nonerodible fractions that are exposed by the wind, and mechanical stability of soil 
structure tends to prevent wind erosion by resisting the breakdown of nonerodible fractions. At 
the same time he introduced two simple methods to estimate erodibility. Woodruff and 
Siddoway(1965) established an empirical Wind Erosion Equation where the potential annual 
soil erosion is a function of soil erodibility, surface roughness, climatic erosivity, unsheltered 
length and vegetable couver. Gillette et. al. (1972) computed vertical aerosol fluxes near ground 
in an eroding field by assuming a vertical transport mechanism similar to that for momentum. 
Shao (2008) in his book Physics and Modeling of Wind Erosion elaborated dust mission, 
transportation and deposition due to wind erosion, introduced measuring techniques, as well as 
explained integrated wind-erosion modeling for estimation of erosiveness. Most works of wind 
erosion on exposed areas were focused either on agricultural lands or desert areas. Mining area 
as a human disturbed area often includes uncovered lands with dry loss soils which are prone to 
wind erosion and is necessarily to be studied.  A measurement of dust fluxes by wind erosion in 
the exposed area near to the open pit in malmberget are recommended work in next step, as well 
as a integrated wind-erosion modeling is recommended in combination with the field 
measurements. 

It is believed that vehicle haul road interaction is the most effective dust source among all the 
dust generation activities in mining area.  Muleski and Cowherd (1987) estimated 70 percent of 
total dust from surface coal mines was produced by trucks traveling on haul roads. Thus another 
suggested work for Mallberget Mine is to estimate the dust emission factor for haul road. Prabha 
et.al. (2005) have made a review on emission factors equations for haul roads. As it is a site 
specific factor, it is recommend establish a suitable equation according the local conditions in 
Malmberget rather than using the existed equations. Estimation of emission factors for haul 
roads can be done by measuring the mass emissions and particle size by the time-integrating 
exposure profiling method in comparison to the background. Since the method isolates a single 
source rather than artificially shielding the source from ambient condition, it has been 
recognized by U.S. EPA as a most appropriate characterization technique for the broad class of 
open anthropogenic dust sources (Gregory et. al. 2005).  U.S. EPA has several documentations 
about the measuring technique for estimation dust emission factors.  

Fugitive dust emissions from Stockpile have brought many ecological and economical 
problems. The estimation of dust production from stockpiles is usually done by numerical 
modeling of wind properties near the piles surfaces. Badr and Harion (2005) demonstrated and 
discussed the full verification and validation of the numerical simulations to the experimental 
conditions. The presence of stockpiles exerts great perturbations on the flow structure and 
therefore influences the dust emission. Many authors have pointed out the possible effect of pile 
topography on the dust production pattern (Borges and Viegas 1988, Wang et al. 1990).The 
results from flow pattern modeling by Badr and Harion (2007) showed a flow deceleration 
upwind of, and at the toe of the piles, flow acceleration up the windward slope and toward the 
sides followed by a region of flow separation and reversal of the lee. They also concluded that 
piles configuration influences the dust emission rates and changing pile configuration can 
reduce dust emissions. Therefore in order to estimate the dust emission from stockpiles in 
Malmberget mine, the recommendation is numerically model the flow characteristic near 
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stockpile surfaces and by modeling of different stockpile configurations an optimum 
configuration could be figured out to reduce dust emission in an economic manner.  

Conclusions 

This paper evaluated the dust fallout for the period of august 2009 to august 2010. Data from 26 
measuring stations were analyzed with a help of surfer. Among all the measuring stations, the 
maximum value and the minimum value were 1284 g/100m2/30d and 9 g/100m2/30d 
respectively. By contouring the mass of dust fallout two sources for dust generation were 
spotted with one located close to the open pit, and the other one located nearby the current 
mining industrial center. The variation of dust mass along a cross section passing through two 
sources showed that the relative significance of two sources on dust production was shifting 
with time. Dust production around Malmberget mine is attributed to three reasons, namely, wind 
erosion of the exposed area closed to the open pit, trucks transportation on haul roads, and wind 
erosion of and material loading and unloading to stockpiles.  Since the mining activities were 
going on at a constant level, the variations of dust level were mostly attributed to the climate 
factor. Unfortunately the wind data from Swedish Meteorological and Hydrological Institute did 
not fit to the date when the dust fallout was collected. There is thus a strong recommendation to 
install weather measurements regarding to the dust measurement on site in order to disclose the 
relationship. Separated works which specially focus on wind erosion from an open area, haul 
road, and stockpiles were recommended future works to estimate the effectiveness of individual 
mining activities on dust production. 
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ABSTRACT 

Wind erosion of soil from exposed areas in mining sites is one of the sources for dust 
generation. Particle size distribution and mineralogical composition of source soil, erodible 
fraction of surface soil, moisture, as well as organic matter content are important factors that 
determine the property of particulate generation process. In this research four soil samples were 
taken using shovel at different depth from the edge of the pit and the surface area nearby the pit 
in Malmberget mine in Sweden. Soil samples were analyzed for density, particle size, 
mineralogical composition, organic matter content, and CaCO3 content. No calcite was detected 
by Qemscan and consequently, CaCO3 was assumed absent in the soil samples. Moisture 
contents in the surface samples were too little to prevent soil from wind erosion. All soil 
samples were mainly composed of albite, quartz, and K felspar. Miner minerals such as mineral 
23 (bFe, bCa), as well as grossular, were more abundant within the surface samples while the 
reverse is true for ilment. It should be mentioned, however, that undersurface samples contained 
more particles of 100 m in diameter compared to surface samples. Measured erodible fractions 
for surface samples were 35.9% and 43.39%. The erodible fraction was calculated for the soil of 
the studied area but the equations could not be applied because the calculated values were 
overestimated. The value of soil erodibility index was determined to be 19t/acre which was 
wind erosion group 7. Since wind erosion group 7 is not a highly intrinsic erodible soil group, 
the dust problem might also arise from disturbances of soil surface soils by trucks and other 
construction activities around the open pit. 

KEYWORDS: Erodible fraction, particle size distribution, wind erosion, mining 
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INTRODUCTION

About fifth of the land of Europe had been eroded by wind [21], and this corresponds to 42 
million hectare of Europe which is seriously affected wind erosion [16]. Wind erosion of soil 
from exposed areas in mining sites are one of the sources for dust generation. Particle size 
distribution and mineralogical composition of source soil, erodible fraction (EF) of surface 
soil, moisture, as well as organic matter content are important factors that determine the 
property of particulate generation process. The size of particles implies how far and in which 
mode the particles will be transported by wind. Raupach [19] has reported that particles of 90 

m in diameter travel approximately 5km, particles of 10 m in diameter travel 400km and 
1 m particles travel more than 1000 km if initial wind conditions are strong enough to mix 
the dust through the entire depth of the convection boundary layer. Eroded particles move in 
three modes, namely creep, saltation, or suspension. Particles having a diameter of 1000 to 
2000 m roll along the ground, and this process is defined as creep. Saltating particles are in 
the size range of 100 to 1000 m, and the suspended particles ranging from <1 to 100 m are 
subject to long range transport [12]. Gillette and Walker [14] measured size distribution of 
soil-derived  particulate from two locations near Plains, Yaokum County, Texas and reported 
that the size distribution of moving soil in the height 0-1.3cm, which was the height interval 
that most of the particulate transport takes please,  resembled the size distribution of the 
fraction of parent soil with < 250 m. It was probably due to greater momentum transfer 
required to move successively larger aggregates resist wind force [8]. 

The amount of soil particles moved by wind depends on shear forces exerted by wind on a 
soil surface and susceptibility of the soil particles to wind erosion. When there is erodible 
fraction (EF) exists in surface soil, wind erosion takes place if the wind speed exceeds the 
threshold. Wind erosion equation which is used to estimate the amount of soil lost expressed 
in tons per acre per annum was first established by Woodruff and Siddoway [22]. The 
equation was expressed by E=f (I’, C’, K’, L’, V), where I’ is soil and knoll erodibility, C’ is 
local wind erosion climatic factor, K’ is soil ridge roughness factor, L’ is field length, and V 
is equivalent quantity of vegetative cover. Soil erodibility index I’, as the most important 
wind erosion variable, is the potential soil loss in tons per acre per annum from a wide, 
unsheltered, isolated field with a bare, smooth, noncrusted surface [22]. This index is in turn 
directly related to the percentage of soil EF which is the portion smaller than 0.84 mm in 
diameter defined by Chepil [4]. Fryrea et. al. [11] also reported that particles larger than 0.8 
mm were stable in winds of 5.8 m/s at a height of 0.3 m and were considered nonerodible. 

EF is the proportion of particles < 0.84 mm in diameter in the upper 25.4 mm of soil [10]. 
The standard method for EF determination is dry sieving using the rotary sieve described by 
Chepil [7]. During sieving, it simulates the dislodging of aggregates by the impact of particles 
transported through wind. The rotary sieve have openings of 19.2mm, 6.4mm, 2.0mm, 
0.84mm and 0.42 mm. EF is the percentage of the fraction passing through the opening of 
0.84mm. Since the rotary sieve is not commercially available, several authors have 
recommended an alternative method to determine EF by flat sieve which is more readily 
available in laboratories for soil mechanics. In order to sieve the sample with a optimum time 
and amplitude by flat sieve, a series experiments testing different time and amplitude must be 
carried out with contrasting EF values until the a good separation of soil aggregates without 
clogging and breakdown are observed [17]. Lopez et. al. [17] have made a comparison of EF 
values determined by the two techniques, and the result indicated that the flat sieve method 
adequately measures EF and it can be used as an alternative technique to the rotary sieve. In 
case of the rotary sieves not being available, Fryrear et al. [11] proposed a multiple regression 
equation to calculate EF: 

EF = 29.09 + 0.31(sand) + 0.17 (silt) + 0.33 (sand/clay) – 4.66 (organic matter) – 0.95 
(CaCO3)
                                                                                                                                            Eq. (1)                                 
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explaining 67 % of EF variability (R2 = 0.67). All the variables are expressed in %. The 
equation was established using soil samples with CaCO3 content below 25% and the sand/clay 
ratio higher than 1.2%. The test samples used by Lopez et. al. [17] had, however, higher 
CaCO3 contents and lower sand/clay ratios.  They established other equations explaining 80 to 
90% of EF variability and these equations were considered satisfactory for the great variety of 
soils and can better predict EF: 

EF = 4.77 + 7.43 (sand/clay) +27.6/organic matter                                                                   
R2 = 0.881                                                                                                                          Eq. (2) 

    Moisture content and organic matter prevent soil from wind erosion by increasing threshold 
friction velocity. Moisture in soil particles produce water film which creates cohesion force 
and organic matter binds particle into aggregates. 

MATERIALS AND METHODS 

Malmberg mine operated by Luossavaara-Kiirunavaara Aktiebolag (LKAB) is one of the 
most important iron mines in Sweden. It is located at Gällivare, 75km from Kiruna, and 
contains some 20 orebodies (figure 1). The mine covers a huge area spreading over 
approximately 5km from east to west and 2.5 km from north to south. Mining began in 1892, 
since then over 350Mt of ore had been extracted. In 2006, it produced around one third of 
LKAB’s total production of 23.3MT of iron-ore products [18]. Surface open pit mining 
method was firstly used to reach and exploit ore minerals. A huge depression (figure 2) was 
abandoned, and large-scale sub-level caving became the predominant mining technology in 
Malmberget iron mine later. The movement of trucks from the industrial area to dump the 
debris into the pit enhanced dust generation. However due to some security reasons the filling 
of the pit was discontinued in March 2009. The dust problem is now mainly due to wind 
erosion of the exposed surface nearby the pit,  to the tracks transporting on haul roads, to 
wind erosion of stockpiles, and other construction activities. 

Figure 1 Location of Malmberget Mine, Sweden 

Four soil samples were taken using shovel at different depth from the edge of the pit and 
the surface area nearby the pit.  The sampling locations are shown in figure 2.  Both surface 
soil and soil at about 1meter  depth  were  sampled  in  order to  see  the differences in particle
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Figure 2 The open pit and sampling locations 

characteristics between exposed  soil  and deep soil. Soil sample Nr1 and Nr4 were taken 
from the pit’s edge at about 1 meter depth. Soil sample Nr2 and Nr3 were surface soils 
between 0 to 30 mm. Sample Nr2 were taken from the edge of the pit, and sample Nr3 were 
from the exposed land nearby the pit. The weight of sample Nr1, Nr2, Nr3 and Nr4 were 
around 4.5, 8, 5, and 5 kg, respectively. The sampling was carried out by personnel from 
LKAB, and the samples were stored in plastic bags and transported to soil mechanics lab at 
Lulea University of Technology. 

Soil samples were analyzed for density, particle size, mineralogical composition, organic 
matter content, and CaCO3 content. CaCO3 was, however, assumed to not exist in the soil 
samples because no calcite was detected by Qemscan when doing mineralogical composition 
analysis. The samples were weighed before and after oven drying at 105 C for 24 hours to 
calculate moisture content, bulk density and dry density. Compact density was measured 
using multivplume pycnometer.  The dried samples were split using spliter to 400 to 500 g for 
particle size analysis. Hand sizing separates particles size till 3.35 mm and then dry and wet 
sieving using machine by stacked sieves sized particle to 0.075mm in size. For samaller 
particles the size distribution were analyzed by laser diffraction. Mineral composition was 
analyzed using Qemscan. During the sample preparation for Qemscan analysis, small portions 
of the soil samples were mixed with graphite and mounted in resin allowing to cure in a 30 
mm round blocks for one day. The cured blocks were then polished to a 1 m diamond size 
and coated with carbon.  Representative samples were obtained by splitting. In order to avoid 
uneven mixture of big particles with small ones, each of four samples were separated into to 
coarser grains larger than 0.075mm and finer grains smaller than 0.0075 mm and analyzed 
separately. One was for coarse grains with size larger than 0.075 mm and the second one was 
for fine fraction that is smaller than 0.075 mm. Organic matter were measured by burning 
materials under 550 degrees. EF values were calculated for surface sample Nr2 and Nr4. 
Measured EF was obtained by the following equation: 

EF = 100*(W<0.84)/TW                                                                                                    Eq. (3)          
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where EF is the erodible fraction (%), W<0.84 is the weight in gram of <0.84 mm aggregates, 
and TW is the initial weight in gram of total sample. EF values were also estimated by eq. (1) 
and (2). 

RESULTS AND DISCUSIONS  

Four samples were hand sieved to the size 3.35 mm, the percentage of the fraction with 
particle size >3350 m for Nr1, Nr2, Nr3 and Nr4 were 3.5%, 53.82%, 42.85% and 0 
respectively. As soil Nr2 and Nr3 were from surface, while soil Nr1 and Nr2 were from 
somewhat deeper depth, one reason for this difference could be the wind erosion of surface 
soil resulted in the exposure of large fragments and roughened the surface. Figure 3 and figure 
4 shows the particle size distribution for particles of the fraction between 3350 m and 75 m
and particles of the fraction < 75 m respectively. For both of the fractions, the curve shows 
similarity between sample Nr1 and Nr4, as well as Nr2 and Nr3. This indicates the different 
characteristics of surface soils and deep soils. As can be seen from figure 3 soil Nr1 and Nr4 
were  abundant  with particles in  100 m.  Soil Nr2 and Nr3  have, however, relatively  lower  

Figure 3 Partile size distribution for particles above 75 m in diameter 
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Figure 4 Particle size distribution for particles below 75 m

percentage of 100 m’s particles. It might be due to the fact that wind erosion brought most of 
particles in 100 m to transportation since this size needs  the  lowest  wind  speed to  initiate 
particle movement. Figure 4 shows a depletion of particle closed to 100 m in size due to 
wind erosion on surface soil Nr 2 and Nr 3. Soil Nr1 and Nr4 from figure 4 have a smooth 
changing in shadow areas. 

Table 1 shows measured density, moisture content and organic matter. The samples showed 
very little moisture content though the deeper ones contained slightly higher moisture. OC can 
be assumed to be zero since the samples were from the area without any vegetation covers. 
Figure 5 illustrates the mass percentage of mineralogical composition. All soil samples were 
mainly composed of albite, quartz, and K felspar. Surface samples Nr 2 and Nr 3 contained 
more of mineral 23 (bFe, bCa), as well as grossular, and less ilment compared to sample Nr1 
and Nr4.  Table 2 gives the sand, silt, and clay fractions for the samples Nr2 and Nr3, 
measured EF, as well as calculated EF. Both of the samples had very high sand to clay ratios 
and the measured EF were 35.9% and 43.39 % respectively. The calculated value for EF by 
equation (1) for both samples were overestimated greater than 50%, and the equation (2) even 
gave values over 100%. This means that both equations are not applicable to the surface soil 
from the open area close to the open pit in Malmberget mine. The reason might be due to the 
established equation (1) and (2) were based on samples taken from agricultural land which 
usually have more homogenous soil texture than the soil sample investigated in current 
research because of tillage which tended to produce uniform aggregates size distribution. 
Extremely high ratio of sand to clay showed in the samples for current research and thus 
disabled the equations to calculate the EF value. 
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Table 1 Measured density, moisture content and organic matter

Figure 5 Mass percentage of mineralogical composition 

Table 2 Sand, silt and clay fraction for sample Nr2 and Nr3 and their measure EF as well as 
calculated EF 

EF  % Sample
No.

Sand % 
2000 m-

50 m

Silt
%

50 m- 
2 m

Clay
%

<2 m

OC
% Measured

value
Calculated
value by 

eq(1)

Calculated
value by 

eq (2) 
Nr2 37.21 3.89 0.26 0 35.9 88.51 - 
Nr3 47.01 3.83 0.27 0.024 40.39 100 - 

DISCUSSION 

Soil movement is influenced by particle size because of the dependence of the threshold 
velocity on particle size. The results from Chepil [2] for threshold velocities of simple soil 
systems consisting beds of loose, monodisperse, and similar particles concluded that (figure 
6) there is a minimum friction velocity that will produce motion in particles of about 100 m
in diameter. Both larger and smaller particles will need more friction velocity in order to 
initiate the motion. The large particles need more velocity due to larger weight, while for 
smaller ones not only is it due to cohesion forces between particles but also because of 
particles are too small to protrude into turbulence layer where the driving force is produced.  
This explains the pattern of the curves in figure 3. But in reality, soil are rare to be 
monodispresed and erosion is often begin with a small quantity of loose particles of 100 m
following the release of smaller particles by impact of 100 m particles rather than direct lift 
by wind. Moisture content also prevents soil motion by increasing threshold velocity. Chepil 
[3] concluded that soil moistures above the wilting point of plants (soil moisture at 15 

Sample No. Bulk density 
g/cm3

Dry density 
g/cm3

Compact
density
g/cm3

Moisture
content

%

OC
%

Nr1 1.24 1.05 5.78 15.68 1.46 
Nr2 2.20 2.17 6.61 7.92 0 
Nr3 2.13 2.08 5.80 1.97 0.024 
Nr4 1.51 1.45 9.38 4.03 0.40 
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atmospheres of negative pressure) produce zero erosion.  The moisture content for the 
investigated soil Nr2 and Nr3 were very low and could be assumed to be zero and gave no 
prevention from wind erosion (table 3). However the history of weather condition, such as 
raining, snow, frost and thawing have a complicated influence on soil particle structure.  It is 
obvious that larger density will need higher frictional velocity to lift the particle. In this 
research the density of Nr2 and Nr3, which contained lot of heave metals due to previous 
mining activities, were relatively higher than that of Nr1and Nr4 which more resembled 
natural soil. Organic matter increase the threshold frictional velocity by binding particles into 
aggregates, but the value for the investigated sample were almost zero and have not effect on 
wind erosion. 

Figure 6 Threshold drag velocity versus monodisperse particle size [2] 

The effect of nonerodible particles is to increase threshold drag of soil movement by 
absorbing part of momentum exerted by wind on soil surfaces. In standard wind tunnel tests 
under the friction velocity of about 61cm/s which is a common measure of the winds 
capability to erode the soil, about 80% of non-erodible fraction(aggragates > 840 m) is 
needed for erosion to approach zero on bare unprotected surface [4]. Both of the surface 
sample showed non-erodible fraction lower than 80% (table 2), and this means that wind 
erosion of surface soil was taking place and was the cause of dust production.  

Soil erodibility index I is a measure of intrinsic erodibility of bare soil. It is related to soil 
cloddiness and its value decreases with decreasing percentage of soil erodibile fractions [22]. 
Soil erosion index has been developed during 1954-56 by wind tunnel and field 
measurements for the vicinity of Garden City, Kans. [1, 5, 6, 8, and 9]. The value of soil 
erodibility index can be determined by sieving and using table 3. For sample Nr 2 and Nr 3, 
soil erodiblity were determined to be 17 t/acre and 21 t/acre which gave the average value of 
the area to be 19t/acre. In Shiyatyi’s classification of soil erodibility [20], soil is highly 
erodible with EF values >50%, moderately erodible with EF values between 40% and 50%, 
slight erodible with EF values < 40%. Since sample Nr2 was collected from the surface soil in 
the edge of the open pit, the sample was considered relatively coarse than sample Nr 3 which 
was from the non-edge surface area because some nonerodible aggregates inevidently left on 
the pit’s edge during filling the pit by dropping filling materials. Thus the EF value was 
expected to be more reliable from sample Nr2 which is 40%. The surface soil close to the 
open pit from Malmberget mine in Sweden was in turn classified to be moderately to slightly 
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erodible. The wind erodible group (WEG) was most closely to WEG 7 which has a  surface 
soil  texture of silt, noncalcareous silty clay loam with less  

Table3 Soil erodiblity I for soils with different percentages of nonerodible fractions as 
determined by standard dry sieving [22] 

UnitsNonerodible
fraction

 % 
0 1 2 3 4 5 6 7 8 9

Tens Soil erodibility I 
t/acre

0 - 310 250 220 195 180 170 160 150 140
10 134 131 128 125 121 117 113 109 106 102
20 98 95 92 90 88 86 83 81 79 76
30 74 72 71 69 67 65 63 62 60 58
40 56 54 52 51 50 48 47 45 43 41
50 38 36 33 31 29 27 25 24 23 22
60 21 20 19 18 17 16 16 15 14 13
70 12 11 10 8 7 6 4 3 3 2
80 2 - - - - - - - - -

Table4 Wind erodibility group versus soil texture, EF, and WEI [13] 

WEG Soil Texture of surface layer EF , % WEI,  Ton/(Acre*Yr) 
1 Very fine sand, fine sand, sand, or coarse sand 93-99 160-310 
2 Loamy very fine sand, loamy fine sand, loamy 

sand, loamy coarse sand, or sapric organic soil 
materials 

90 134

3 Very fine sandy loam, fine sandy loam, sandy 
loam, or coarse sandy loam 

75 86

4 Clay, silty clay, noncalcareous caly loam, or silty 
clay loam with more than 35% clay content 

75 86

5 Noncalcareous loam or silt loam with less than 
20% clay content, sandy clay loam, sandy clay, 
or hernic organic soil materials 

60 56

6 Noncalcareous loam or silt loam with more than 
20% clay content, or noncalcareous clay loam 
with less than 35% clay content 

55 48

7 Silt, noncalcareous silty clay loam with less than 
35% clay content or fibric organic soil material 

50 38

8 Soils not susceptible to wind erosion because of 
coarse surface fragments or wetness 

<20 0

4I Calcareous loam, silt loam, clay loam, or silty 
caly loam 

75 86

than 35% clay content or fibric organic soil material (table 4). Obviously wind erosion of the 
soil in the area is one of the reasons for dust production though the effect could change with 
weather conditions. WEG 7 is, however, not a highly intrinsic erodible soil group, and this 
leads to the conclusion that the dust problem around the open pit should be more attributed to 
the disturbances of soil surface soils by trucks and other construction activities around the 
open pit. Dust fallout at the area for the period Aug. 2009 to Aug. 2010 [15] was evaluated, 
the dust level was relatively higher around May in 2010 when there was a road under 
construction. The dust problem could be worse before March in 2009, when the filling of the 
pit stopped, because of disturbances exerted by trucks carrying filling materials.  
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Test errors can come from several aspects. The main errors were due to the sieving method 
and too few samples. Chepil [7] introduced the rotary sieve for standard method to measure 
EF. The common used sieves in soil mechanics’ lab were used in this research instead of 
rotary sieve. There were only two surface sample (the location and sample numbers were 
decided by people from LKAB), and it was too few to represent the area. Since the equations 
for EF calculation were not applicable to current study area, the recommend next work is to 
take more samples and establish a new formula by doing regression analysis.  

CONCLUSIONS 

In this research four soil samples were taken using shovel at different depth from the edge of 
the pit and the surface area nearby the pit in Malmberget mine in Sweden. For all the samples, 
the particle size distribution curve showed similarity between sample Nr1 and Nr4, which 
were taken from somewhat deep soil, and sample Nr2 and Nr3, which were surface soils. 
Sample Nr 2 and Nr3 had relatively smaller fraction of 100 m particles because this size 
needs lowest threshold friction velocity to initiate motion. The samples had very little 
moisture content and can not prevent soil from wind erosion. However, the weather history, 
such as raining, snowing, frosting and thawing, exerts complicated influence on soil texture. 
The measured EF for the area was around 40%, most closed to WEG 7 which is not so highly 
erodible group, and this leads to the conclusion that the dust problem around the open pit 
should be more attributed to the disturbances of soil surface soils by trucks and other 
construction activities around the open pit. Test errors can come from several aspects. There 
might be errors encountered and they are attributed probably to the small number of samples 
tested and also to the fact that EF calculation was not applicable to current study area. It is 
recommended that in the future next work more samples are tested to establish a new formula 
using regression analysis. 
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Proposal for a field test of emission factor for haul road in Malmberget mine, 
Sweden 

Introductory information and problems 

Mining operations result in the release of particulate matter to the atmosphere and this dust 
problem is one of common troubles due to any mineral working. The extent of the problem 
depends on generation mechanisms, particle dispersion model, as well as settling event, which 
in turn depends on specific operation on site, surface characteristics and climate factors. 
Particulate emission sources for any mining area generally include three categories: line 
source, area source and volume source. Point source is an important air pollution source. It 
typically includes stationary exhaust stacks and it is, however, emitting gaseous pollutants or 
liquid materials rather than solid particulate matter. Line source mainly means dust emission 
during truck traveling on haul road. Area source is two dimensional dust generation from 
uncovered surface area, while volume source is three dimensional dust generation from, for 
example, stockpiles. Classification of air pollution sources can be done by different ways. 
Jacko (1983) divided strip-mine air pollution into two categories: point sources and fugitive 
sources. He included line source and mobile source into point sources. The later includes 
large area of exposed soil of overburden, haul road and so on. To estimate the dust problem, it 
is however much more important to identify and quantify dust emissions than classify the dust 
emission categories. 

Estimation of dust problem can be done by calculation of emission factors. Once emission 
factor is established, dust generation can be estimated and predicted for any ongoing and 
proposed mining activity and thus the effective dust control method can be planned and 
implemented.  According to US EPA (1995), an emission factor is a representative value 
which quantifies the amount of air pollution in relation with associated activities. It is 
expressed by weight of pollutant per unit weight, volume, distance, or duration of the 
activities emitting the pollution. And those factors are generally average values represents the 
long term results of any individual source or an activity area including several sources. The 
general equation for emission estimation is (US EPA, 1995): 

E = A * EF *(1-ER/100) 

where:
E = emission; 
A = activity rate; 
EF = emission factor, and 
ER = overall emission reduction efficiency, % 

Dust emission factor is, by need, established for individual activities or an area. In a mining 
site, dust is generated from many sorts of operations. Ghose and Majee (2000) assessed dust 
generation in a coal mine in Indian, they summarized the main source of air pollution in the 
area, but it could be applied to most of mines. The main sources are: 

7. Drilling and blasting 
8. Loading and unloading of material and overburden 
9. Dust due to movement of heavy vehicles along haul road 
10. Dragline operation 
11. Crushing of material to a convenient size in the feeder breaker 
12. Presence of fire 
13. Exhausts from heavy earth moving machinery 
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U.S. EPA (1995) has reported that haul trucks generate the majority of dust emissions from 
surface mining sites, accounting for approximately 78%-97% of total dust emissions. 
Cowherd et al. estimated that about 50% of the total dust released during dumper traveling on 
unpaved road while 25% for both loading and unloading (Cowherd et al., 1979). Jutze (1976) 
also estimated fugitive dust from some mining operations listed in table 1. And it confirms 
that truck driving on haul road is the most effective dust generation activity. Organiscak and 
Randolph Reed (2004) performed an field test for a limestone quarry and a coal preparation 
plant to characterize fugitive dust generated from haulage road, and they concluded that 80% 
of the airborne dust generated by haul trucks was large than 10 m, and the total dust 
concentration decreased rapidly and approached to background level 30.5m from the road. 
This motivates the dust measurements at the source activity in Malmberget mine.    

Table 1 Estimated quantities of fugitive dust from some mining operations (From Jutze, 1976) 

Operation Number of Estimates Emission Factor 
Oberburden removal 5 0.008-0.45 lb/ton of ore 
  0.048-0.10 lb/ton of overburden      
Shovel/truck loading 5 Up to 0.10 lb/ton of ore 
Haul roads 4 0.8-2.2 lb/mile traveled 
Truk dumping 3 0.00034-0.04 lb/ton of ore 
Waste disposal 1 Up to 14.4 ton/acre-yr 
Reclamation 1 Variable depending on soil and 

climate 

Motivation of the test 

My previous report has analyzed data on dust fallout in Malmberget mine from august 2009 
to august 2010. Those data were the amount of particulate matter settled in a bucket dust 
collector produced by Norwegian Institute for Air Research (NILU).  Collecting stations were 
mainly located in the surrounding areas of the mine. Two collectors were also placed in the 
residential area about 3.9 km southwest to the open pit in Malmberget mine. The wide 
spreading measuring stations enabled the calculation of the overall dust fallout on the entire 
testing area. And the calculation showed the amount of dust fallout was high at two areas, one 
was the area around the open pit, and the other one was closed to LKAB industrial center. The 
area closed to industrial center was contributing more to dust generation than the other area 
for the most of the time. The haul road area is mainly located at around industrial center and 
therefore is assumed to be the most efficient contributor to dust problem on site. The result 
from that report is, however, a general result of all mining activities on the whole area. The 
relationship between each ongoing mining activity and the amount of particulate matter 
produced thereby remains secretive.  In addition, the portion of particulate matter that impacts 
air quality is total suspended particular matter rather than the portion of deposited material. 
When the air becomes wet, suspended particle settle down due to increased weight resulting 
in elevated dust mass in NILU collector. However, the air quality becomes better. Total 
suspended particulate matter is more of interest in the sense of air quality. To disclose the 
relationship between suspend particular matter generated and the mining activities it requires 
the measurements to be done right close to the aiming activity and recoding of the activity 
property so that the amount of dust generation is directly related to the corresponding mining 
operation. Due to these reasons, the current report proposes a field test for haul roads in 
malmberget mine. In the proposal it is recommended to using exposure profiling technology 
to monitor suspended particulate matter. Meanwhile, recording of the truck number, wind 
speed, together with the tests on surface material allow us to relate the produced particulate 
matter to the surface characteristics. The deposit pans are also proposed to set up between the 
haul roads and exposure sampler so that the amount of deposited particulate matter could be 
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added to suspended particulate matter to calculate the total production of particulate matter 
due to truck traveling on haul roads. 

Test area

Malmberg mine operated by LKAB is one of the most important iron mines in Sweden. It is 
located at Gällivare, 75km from Kiruna, and contains some 20 ore bodies. The mine covers a 
huge area spreading over approximately 5km from east to west and 2.5 km from north to 
south. Mining began in 1892, since then over 350Mt of ore had been extracted. In 2006, it 
produced around one third of LKAB’s total production of 23.3MT of iron-ore products 
(http://www.mining-technology.com/projects/malmberget/). Surface open pit mining method 
was firstly used to reach and exploit ore minerals. A huge depression (figure 1a) was left on 
site after completed surface mining. Then large-scale sub-level caving has become the 
predominant mining technology in Malmberget iron mine. 

                                  a                                                                                 b   
Figure 1a: The open pit in Malmberget (From LKAB), b: an excavator filling the pit

The surface open pit and underground mining processes deformed the land surface 
features, and surface soil is prone to wind erosion in this bare area after mining. Those who 
are still living in Malmberg and vicinities complain about elevated dust level due to mining 
activities. Accordingly the properties need to be demolished and residents need to migrate. 
When filling the open pit (figure 1a), the trucks carrying filling materials travel along the haul 
road between the pit and concentration plant producing a great deal of particular matter into 
atmosphere (figure1b). The LKAB industrial center is located northeast to the open pit and 
the main mining operations area includes haul road area with stockpile in use, product 
stockpile area and sedimentation reservoir for used process water.  The result from dust 
fallout collected from august 2009 to august 2010 showed that the peaks of dust level were at 
two areas marked by A and B in figure 2. The dust generation sources are apparently, haul 
roads, stockpiles, and the exposed open area around the open pit. Presumably the high dust 
level in area B is mostly attributed to tuck transporting on haul roads since haul roads has 
been reported to produce the largest portion of dust in a mine site, though stockpiles are 
contributing noticeable dust. High dust level in area A is due to both the exposed open surface 
and the haul road through which the filling material is transported from waste stockpile to the 
pit. In general, haul road is contributing significant particulate matter during truck traveling, 
and this leads to an urgent measurement which quantifies the amount of dust generated in 
relation with the truck number, truck properties, surface characteristics and other climate 
parameters. 
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Figure 2 Main operation areas in Malmberget mine (from LKAB) 

Measuring equipments

Figure 3 Dust exposure profiling tower (from EPA, 1974) 

Exposure profiling tower 

US EPA (1974) in the work of development of emission factors for fugitive dust sources 
designed a dust exposure profiler shown in figure 3. It consists of a vertical array of high 
volume samplers amounted to a movable support tower. The head of the sampler must face 
forward to upwind direction. This kind of sampler allows to measure vertical dust profile 
simultaneously at multipoint. High-volume (Hi-Vol) sampler uses a continuous duty blower 
to suck in air steam. It can be fitted with particle size classifier to separated particle into 
several size ranges. Several high volume samplers can measure dust concentration, particle 
size, wind velocity, and wind direction at the same time. 
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Dust fall buckets 
Dust deposit buckets are needed to measure the portion of particulate that is settled down 
when transported from the source to the high-volume sampler. NILU deposit gauge which is 
now in use in Malmberget mine can be used for this study. 

Anemometer and wind vane 
Anemometers are required to measure wind velocity at the height of the suspended particulate 
measuring points, so that the vertical wind velocity profile can be drawn and it helps to 
understand the effect of wind speed on the dust generation. Wind vane is used to identify the 
wind direction, and it is important because the measuring must be done in a direction 
perpendicular to the wind direction. 

Test methodology 

The test is proposed to be done by measuring the downwind mass emissions and particle size 
by the time-integrating exposure profiling method in comparison to the background 
concentration. Since the method isolates a single source rather than artificially shielding the 
source from ambient condition, it has been recognized by US EPA as a most appropriate 
characterization technique for the broad class of open anthropogenic dust sources (Gregory et. 
al., 2005). 

The proposed measuring system is schematically shown in figure 4. The particulate emission 
from a haul road during truck driving is a line source, and has a homogenous horizontal dust 
profile. It therefore only requires measurement of vertical profile of dust plum. A dust
exposure profiler must be located closed enough to the source to monitor the vertical profile 
of the dust plum, but far enough to allow the dust plum develop, and the minimum acceptable 
plum distance was judged to be about 20 ft (EPA, 1974). Usually it is set to be 5 m (EPA,
1987). As can been from figure 4, a dust exposure profiler is located 5 meters from the 
downwind edge of the selected section of the testing haul road. At least three high volume 
samplers are required to measure vertical profile of dust plume, and at least one upwind 
measurement for background value (EPA, 1987). The distance to the upwind measurement 
from the source depends on effects of other sources and it is usually 15 meters from the 
upwind edge of the source. Anemometers are proposed to measure wind velocity at the same 
heights of the high volume samplers, and a wind vane is needed to measure wind velocity. 
Two dust deposit gauges are also needed to measure the amount of particle that settled down 
before particulate reaches to the dust exposure profiler. The addition of the settled dust and 
the net vertical flux is the amount of dust that generated by the testing source. The 
measurement should be done for several runs to even out statistical variations. For each run 
the measuring duration is proposed to be one hour and it should be longer if there are too few 
trucks passing the road. The real duration must be recorded. The weight of the truck, truck 
number, and truck speed during the measurement must also be recorded in order to relate dust 
generation to the activity. Several samples from haul road surface must be taken to do 
laboratory analysis for silt and moisture content since those are important factors influence 
dust generation. 

The selection of the section of the test road is important. One rule is to select the part of the 
road which is far enough from the other dust sources so that it eliminates interaction between 
sources. The measurement must be done in the direction perpendicular to the wind direction. 
The best test section is where the haul road is perpendicular to wind direction. It is anyway 
also applicable when the road is not exactly perpendicular to the wind, but the measurement 
must be done in the perpendicular direction to the wind. The historical wind data from 
meteorology institute must be considered before select the test section of the haul road. 
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Figure 4 Test scheme by exposure profiling method (Modified from Gregory et. al., 2005) 

Data analysis 

The amount of suspended dust emitted due to truck traveling on haul road is the sum of 
integrated value of high volume measurements through effective cross section of dust plume. 
For a line source, one dimensional integration is used and that is integration through effective 
height of dust plume. According to U.S. EPA (1994), emission factor for dust emission due to 
truck transporting on haul road is calculated in the following procedures: 

The concentration of particulate matter measured by a sampler is given by: 

C=
Qt
m210

where: C = particulate concentration ( g/m3)
            m = particulate sample weight (mg) 
            Q = sampler flow rate (m3/min) 
           t = duration of sampling (min) 

Exposure represents the net passage of mass through a unit area to the direction of dust plum 
transport and it calculated by: 

E (h) = CUt710
where: E (h) = particulate exposure (mg/cm2) at height h (m) 
            C = net concentration ( g/m3)
            U = approaching wind speed (m/s) 
             t = duration of sampling (s) 

The integration of E (h) over effective height of dust plum is the total suspended particulate 
matter generated from the haul road, and the effective height of dust plum can be found by 
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linear extrapolation of the uppermost net concentration to a value of zero. The integrated 
exposure is: 

A1 = EdhH
0

where:  A1 = integrated exposure (mg) 
             E = particulate exposure (mg/cm2)
             h = vertical height (m) 
             H = effective height of dust plum (m) 

Some portion of large particles emitted deposit on the ground before reaching to the sampler, 
and this amount of particle is: 

A2= DdxX
0

where: A2 = integrated dust deposition from source to the high volume sampler (mg) 
            D = dust deposition on dust fallout bucket (mg/cm2)
            X = distance from the center of the source to exposure profiler (m) 
            x = horizontal distance (m) 

The total emission from the source is the sum of total suspended particulate and deposition: 

A = A1+ A2
The emission factor is for particulate generated by vehicular traffic haul road expressed in 
grams of emission per vehicle-kilometer traveled (VKT) is given by: 

e = 
n
A410

where: n = number of vehicle passes (dimensionless). Since only suspended particulate matter 
is concerned of air quality, the amount of deposited particle can be excluded to calculate total 
suspended particulate emission factor.  

During the test, the number of vehicle (n), the mean speed of vehicle (v), the mean weight of 
vehicle (w), wind velocity (u) is recorded for each run. Surface sample from the testing haul 
road must be analyzed for silt content (s) and moisture content (m). By doing a regression 
analysis, emission factor could be related to these parameters to establish an equation, which 
can be used for prediction of dust generation for different truck loads, speeds, wind and so on. 

The objectives of the proposed experiment include: 

1. To measure vertical profile of a dust plum generated by trucks traveling on a haul 
road

2. To monitor total net dust production rate from haul road  
3. To establish a equation of  TSP dust emission factor for haul road by relating 

emission rate to vehicle characteristics and surface properties  
4. To compare the established equation with the equation recommended by US EPA 

This proposal is a general plan for a field test. The selection of test location of haul road is a 
matter of wind direction and the other influence sources, and duration of the test depends on 
the mean track number. Thus a field visit is required in order to complete an explicit test plan.
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