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ABSTRACT
 

Dust is a primary cause for air quality deterioration, as well as a potential health hazard.  Mining and 
construction sites, in particular, are the most profound in dust generation. The possible source 
activities are drilling, loading, transporting, dumping, crushing, stockpiles, waste rock and unprotected 
open surfaces, etc. Dust can be any airborne contaminants occur in the gaseous form or as aerosols. 
This research dealt with ‘fugitive dust’ which is defined as dust that could not reasonably pass through 
a stack, chimney, vent, or other functionally equivalent openings, and does not include non-geologic 
particulate matter emitted directly by internal and external combustion processes. Fugitive dust and 
dust are used interchangeably in this thesis. 

In mining areas, construction sites or other industrial areas, fugitive dust is generated through wind 
erosion of surface materials or application of mechanical forces. The transportation of dust particles is 
a result of wind direction, velocity, source activities, particles dispersion characteristics, topography, 
control methods, and so on. A case study on dust fallout from Malmberget Iron Mine showed that the 
dust generation due to the mining activities in Malmberget Iron Mine influences the down-wind 
residential areas depending on the weather conditions and the rate of dust generation; the sources of 
dust generation from Malmberget Iron Mine are haul road transportations, active stockpiles, and the 
open pit with the loose surface materials. Dust due to wind erosion of the loose material from the open 
pit is somewhat insignificant as the lab tests showed that the surface material was slightly to 
moderately erodible and has the soil erosion index of 4.7kg/m2/year. 

To measure dust generation, three sites were used. They are unpaved roads, road construction and 
the Aitik tailings dam. This was achieved using an exposure-profiling method with Big Spring Number 
Eight (BSNE) samplers. Wind erosion prediction system (WEPS) was also used to model the wind 
erosion process on the Aitik tailings dam.  The measurement for the unpaved roads showed that dust 
generation strongly depends on the driving speed and silt content of road surface materials when the 
moisture contents are the same. The estimated dust emission rate from the road construction work 
during the measuring period was 22.87 kg TSP/d, of which 6 kg/d was from construction work and 
16.87 kg/d was generated due to traffic on temporary roads. The measured total suspended material 
from the Aitik tailings dam was 0.475kg/m2 for five days, which had a big difference with simulated 
value of 4.4559 kg/m2. Many reasons contributed to the disagreement between the simulated value and 
the measured value. In order to use the model for mining industry more tests are required to validate 
the modeling result. This could be useful in adjusting the internal coefficients and empirical equations. 

The research concluded that the exposure-profiling method with BSNEs worked best for the 
unpaved roads which is a line source, whereas for the road construction and the Aitik tailings dam the 
method was not robust enough. BSNE sampler is cheap and widely used, but can produce poor 
accuracy in some cases. Upwind-downwind method with active samplers is recommended for the road 
construction and the tailings dam which are the non-line sources in the future work. Both of the 
methods are applicable for development of dust emission factors.  WESP is a soil erosion model 
designed for agriculture land and need to be validated with more field tests in order to be used for the 
tailings dam.  
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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, for example, is one of the most 
profound dust generators. Though it is a core economic activity that has literally deep relationship with 
the mother earth, mining activities highlight environmental impacts, particularly that of air pollution 
by fugitive dust. Every phase of mining operation causes deterioration of air quality and has a 
significant effect on surrounding areas within the vicinity of 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,  dumping(figure 1.2), crushing, the haul road (figure 1.3), 
stockpiles, waste rock and unprotected  open surfaces…... Large dust plumes are often noticed over 
these sources either when wind speed is high or human disturbances such as dumping and vehicle 
transportation take place. 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 & Prabha 2008). Emission factor equations to estimate dust emission from various industrial 
activities have been developed for mining sites in USA (Cowherd 1982, US EPA 1995), Australia 
(Australia EPA 1996), Indian (Singh & Prabha 2008). Relatively, less information was read about dust 
emission rate for heavy industrial activities in EU countries, and this problem remains to be solved 
urgently. 

 

Figure 1.1 Dust generation from unpaved road  
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Figure1.2 Dumping in Malmberget Iron Mine 

 

Figure 1.3 A haul road in Malmberget Iron Mine, Sweden 

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 
is small enough that can be carried away for long distance and cause not only air pollution, but  also 
surrounding soil degradation in case it contains heavy metals. Prolonged exposure to inhalant 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 dust generation site. Physical impacts include blockage 
and damage to stomata, shading, and abrasion of leaf surface or cuticle, drought stress and so on. 
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Chemical  impacts  are  more  important  than  physical  effects  because  the 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. 
Nuisance dust is the large size fraction of particulate matter that is visible in air. Nuisance dust effects 
on people have been recognized as arising from increasing dust concentrations and deposition levels, 
as well as deteriorated air qualities. 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, wind speed and direction, as well as background concentration. Health effects 
of mining dust are mainly related to inhalant dusts, 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 is 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, from coal and sulphide ores can cause explosions (Field 2012, Trades Union 
Congress 1997). 

 

1.2. Objectives 
The research has four objectives. Firstly, describing the dust generation processes and identification 

of the source activities. Secondly, analyzing and illustrating dust generation and transportation 
influenced by weather factors. Thirdly, is estimation of the rates of dust generation of possible source 
activities by implementing an exposure-profiling method. Finally, is to identify the advantages and 
disadvantages of exposure-profiling method and suggestions for the development of dust emission 
factors.  

 

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, washer and mining 
sites. This research focused on the dust production from industrial sites, such as mining, construction, 
quarry, etc., and these activities usually include significant earth work, and surface machinery work 
which produce a huge amount of dust. Dust can be any airborne contaminants that occur in gaseous 
form (gases and vapors) or as aerosols, and it can be mechanical, explosive, or windblown suspension 
of geologic, organic, synthetic, or dissolved solids, as well as non-geologic particulate matter emitted 
directly by internal and external combustion processes. The research dealt with ‘fugitive dust’ which is 
defined as dust that could not reasonably pass through a stack, chimney, vent, or another functionally 
equivalent opening, and do not include non-geologic particulate matter emitted directly by internal and 
external combustion processes (Environmental countess 2006). 
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Dust samplers range from very cheap to very expensive, including passive and active samplers. The 
research tried to make the best result with lowest cost and limited time.  
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2. INDUSTRIAL DUST 

2.1. Definitions of dust 
Generally speaking dust can be any airborne contaminants that occur in gaseous form (gases and 

vapors) or as aerosols. However, the Dust Emission Joint Forum (DEJF) presented the definition of 
dust as dust can be suspended into the atmosphere by mechanical, explosive, or windblown suspension 
of geologic, organic, synthetic, or dissolved solids, and does not include non-geologic particulate 
matter emitted directly by internal and external combustion processes (Environmental countess 2006). 
Dust can be of anthropogenic origin or natural origin. The DEJF also presented fugitive dust 
(Environmental countess 2006), which is ‘dust that could not reasonably pass through a stack, chimney, 
vent, or another functionally equivalent opening’. Examples of fugitive dusts are particles generated 
during surface mining and constructions areas, vehicle transport, and other surface machinery works. 
In this research, fugitive dust is addressed and studied. Fugitive dust includes total suspended dust 
(TSP), PM10 (particles up to 10 m), and PM2.5 (particles up to 2.5 m). In this thesis fugitive dust 
and dust are interchangeable and both are referred to as fugitive dust.  

 

2.2. Process of dust generation 
In mining areas, construction sites or other industrial areas, fugitive dust is generated through one of 

the following processes: 1. entrainment of dust particles by the action of turbulent air currents, such as 
wind erosion of an exposed surface (e.g. wind erosion of tailings dam); 2. pulverization and abrasion 
of surface materials by application of mechanical force through implement (wheel, blade, spade, etc.).  

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.  Threshold wind velocity is the wind velocity when the driving 
force of wind overcomes the resistance force of particle so that it initiates the movement of soil 
particles. Industrial activities can 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. Product stockpiles protruding into the air layer disturbs the flow pattern and 
aggravates dust generation by increasing turbulent flow over a surface.  

Soil motion during wind erosion is classified into three modes which are: creeping, saltation and 
suspension (figure 2.1) (Bagnold 1941). Chepil (1945) gave the division of size for three forms of 
motion. Medium sized particles of 0.1 – 0.5 mm in diameter are most susceptible to wind turbulence 
and wind erosion is initiated by dislodging of loose medium sized sand particles by wind uplift during 
turbulence. These particles are in the mode of saltation. Saltating particles are too large to be carried 
higher in suspension, and they are lifted and move forward a short distance and return to the surface 
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colliding with, dislodging and releasing other medium sized and finer particles. Finer particles smaller 
than 0.1 mm in diameter, because of the inter particle absorption forces, need higher threshold wind 
velocities to be lifted from the ground. They are dislodged by the impact of falling saltation particles 
and are small enough to be kept in suspension for a long time. These particles are in the mode of 
suspension. The last mode is the surface creep which refers to the largest movable soil particles which 
are too heavy to leave the surface in saltation or suspension and roll across the surface by wind forces 
or impact of saltating particles. Creeping particles are 0.5 to 2mm in diameter.  

Figure 2.1 Soil particles moving by creeping, saltation, and suspension (Pye & Tsoar 1990)  

Application of mechanical force generates a great deal of dust. When opening a surface mine, for 
example, a huge amount 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, Majee 2007, Ghose 1989). Other normal mining 
operations such as size reduction, waste removal, transportation, loading and unloading, as well as 
stockpiling also causes a great deal of dust generation. Past research by the United States 
Environmental Protection Agency’s (US EPA) on emissions for unpaved roads indicated that haul 
trucks generate the majority of dust emissions from surface mining, accounting for 78-97% of total 
emission (US EPA 1999). It is also found that dust is easily generated though loading and unloading 
material to and from stockpiles, meanwhile wind erosion of stockpiling materials can also happen 
when wind velocity exceeds 2.5m/s on a sunny day (Howell et al. 1998, Etyemezian et al. 2003, 

or evi  et al. 2004). Cowherd (1979) estimated that about 50% of the total dust released by a dumper 
traveling on unpaved roads while 25% was released during loading and unloading. 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 
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dispersion characteristics, topography, control methods, and so on. Most of the airborne dusts 
generations are localized to a region where the operation takes place (Kissell 2003). Fugitive dust due 
to truck transport along haul roads, however, could encompass a larger region, including the 
surrounding residential area (Organiscak & Reed 2004).  

Dust concentration decreases with increasing distance from 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 2.2 shows the calculated 
drift distance with respect to particle size and wind velocity. In the figure, it can be noticed that the 
particles are insignificantly affected by vertical turbulence will settle within 15ft (5.112m), and smaller 
particles will be carried by vertical turbulence and drift a longer distance until 100ft (30.08m) where 
most of the particles are deposited and diffused to a very low concentration (US EPA 1974). 
(Organiscak & Reed 2004) confirmed this result and concluded that airborne respirable, thoracic, and 
total dust concentrations all decreased and approached background concentration within 30.5m from 
the haulage road. Due to diffusion, the work zone air is more dangerous in respect of inhalable dust 
(Ghose & Majee 2007).  

 

Figure 2.2 Drift potential of unpaved road dust (US EPA 1974) 
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2.3. A case study - Dust generation from Malmberget Iron Mine 
    The Malmberget iron mine, located in Malmberget in Norrbotten County, Lapland, is one of the 
largest iron ore mines in Sweden (figure 2.3). The mine is owned by LKAB and has reserves 
amounting to 350 million tonnes of ore grading 43.8% iron thus resulting 153.3 million tonnes of iron.  
The annual production capacity of the mine is over 5 million tonnes of iron ore 
(http://en.wikipedia.org/wiki/Malmberget_mine). Surface open pit mining method was, firstly, used to 
exploit the ore. A huge depression was abandoned (the open pit in figure 2.4) after the finished open 
pit mining, thereafter large-scale sub-level caving has become the predominant mining technology. It 
is now one of the largest underground mines for iron ore in the world. The mine includes four main 
areas, and these are transportation haul road area, production stockpile area, sedimentation reservoir, 
and the open pit (figure 2.4). Dust generated during mining activities is one of the major atmospheric 
pollutants that had in a long time been a critical problem complained by residents in neighboring areas. 
To tackle the problem the mining company installed a series of dust deposition collectors (figure 2.5) 
over the mining site to measure the dust fallout. Figure 2.6 shows the locations of the collectors. The 
majority of dust collectors were installed in the residential area around the open pit as the mining 
company believed that the open pit with the bare loose surface material contributes most of the dust 
generation. Four collectors were installed in the residential area which is mainly impacted by the sub-
level caving mining activities where surface haul roads and active stockpiles are considered as source 
activities for dust generation. 

 
Figure 2.3 Location of Malmberget Iron Mine, Sweden 
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Figure 2.4 Main operation areas in Malmberget Iron Mine (from LKAB) 

 

 

 
Figure 2.5 NILU particulate fallout collector (from NILU) 
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Figure 2.6 Locations of dust fallout measuring stations in Malmberget Iron Mine 

The dust fallout was sampled on a monthly basis. The data for the period August 2009 to August 
2010 was plotted on the contour maps using the surfer 9.0 program (figure 2.7). Surfer is a full-
function 3D visualization, contouring and surface modeling software and is used extensively for terrain 
modeling, bathymetric modeling, landscape visualization, surface analysis, contour mapping, 
watershed and 3D surface mapping and so on. The contour mapping area corresponds to the map area 
of figure 2.6. Figure 2.7 illustrated the masses of dust fallout and the influence areas due to deposited 
dust. The grey colored areas in the contours maps represent dust fallout of 0-100g/100m2/30d, which is 
a rather low amount and considered as uninfluenced areas. The amount of dust fallout and influence 
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area changed throughout the year as affected by the weather conditions. In general, November 2009, 
January 2010, March 2010, April 2010, and May 2010 had higher dust depositions and bigger 
influence areas than the rest of the months. Figure 2.8 shows the calculated total dust fallout on the 
mapping area, average wind velocity, average out-door humidity and average precipitation in Gällivare. 
The weather information was collected from the Swedish meteorological and hydrological institute. 
Despite the fact that humidity can increase particle weight and thus increase dust fallout, the average 
humidity through the year was rather constant, and the influence on dust deposition was insignificant 
compared with wind speed and precipitation. In August 2009, dust fallout was relatively low because 
of relatively low wind speed (figure 2.8). The dust fallout kept low in September 2009 because of the 
increased precipitation even the wind speed was higher. The wind velocity was rather constant and low 
for November 2009, December 2009, and January 2010. However, the relatively low precipitation in 
November 2009 and January 2010 resulted in the relatively high dust amount in these two months, 
whereas the relatively high precipitation gave the low dust fallout in December 2009. Dust deposition 
decreased a little in February 2010 because of the slightly decreased wind speed and increased 
precipitation. The high dust fallout appeared in March and April 2010 because of the combination of 
low precipitation and high wind speed. In May 2010 when the precipitation was high, the high amount 
of dust fallout was due to a road construction work. The precipitations for the remaining months were 
relatively high which resulted in the relatively low dust depositions. The conclusion is that wind speed 
and precipitation are the two most important weather factors governing dust generation and deposition. 
Precipitation, however, has a bigger influence in general. Additionally, one must notice that although 
the snow cover could reduce dust generation during the winter season, some of the surface machinery 
works in the mining site disturbed the surface and thus continuously provide the fresh surface material 
for dust generation.  

In addition, for all the months, high dust depositions were predominantly concentrated at two areas. 
The first one is the area that corresponds to the residential area close to the open pit, where the wind 
erosion of bare surface was the cause to the dust generation. The other area corresponds to the 
residential area nearby the sub-caving mining activities, where the haul roads transportations and 
active stockpiles were the source activities of dust generation.  The residential area around the open pit 
received relatively smaller amount of dust deposition than the other residential area through the year. 
The exception is that in May 2010 where there was tremendous dust fallout on the residential area 
close to the open pit. A road construction was reported at that time and the dramatic increase of dust 
deposition was thought to be attributed by the road construction. The somewhat high dust deposition 
on the area in March 2010, April 2010 and June 2010 could also be caused by the road construction. 
Disregarding the influence of the road construction, the conclusion could be that the haul roads 
transportation, active stockpiles and other surface machinery works in the sub-caving mining area were 
superior in dust generation, whereas wind erosion of surface material from the open pit generated a 
somewhat small dust amount. To further study the wind erodibility of surface material of the open pit, 
surface soils were sampled and the studying results are discussed in the next paragraph.  
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Figure 2.7 The contour maps for dust fallout from august 2009 to august 2010, unit in g/100m2/30d 

 

 



 

13 

 

 
Figure 2.8 Average precipitation and wind velocity  

 

Four soil samples were sampled from the open pit (figure 2.9). Sample Nr1 and Nr4 were taken 
from the edge of the open pit at the depth of 1m, and sample Nr2 and Nr3 were surface soils between 0 
to 30mm. The four samples were hand sieved to the size 3350 m, the percentage of the fraction with 
particle size above 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 the surface, while soil Nr1 and Nr2 were from somewhat 
deeper depth, one reason that sample Nr2 and Nr3 had the higher percentages could be that the wind 
erosion of surface soil resulted in the exposure of large fragments and roughened the surface. Figure 
2.10 shows the result of machine sieving for particles below 3350 m. The curves have similar patterns 
between sample Nr1 and Nr4, as well as between Nr2 and Nr3. This indicates the different 
characteristics of surface soils and deep soils. As indicted by figure 2.10, soil Nr1 and Nr4 were 
abundant with particles in 100 m. Soil Nr2 and Nr3 had, however, relatively lower percentage of 
100 m particles. This was due to the fact that wind erosion of soil material brought most of the 
particles in 100 m to transportation since particles in this size are most movable and need the lowest 
wind speed to initiate particle movement.   

Fryrear et al. (1994) reported that empirically particles larger than 0.8 mm are stable in winds of 5.8 
m/s at a height of 0.3 m and are considered as non-erodible. Erodible fraction (EF) is defined as the 
proportion of particles below 0.84 mm in diameter in the upper 25.4 mm of soil (Chepil 1958, Colazo 
& Buschiazzo 2010). According to the particle size distribution EF values for surface soil samples Nr2 
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and Nr3 were 35.9% and 40.39%. According to Shiyatyi’s classification of soil erodibility (Shiyatyi 
1965), soil is highly erodible with EF values >50%, moderately erodible with EF values between 40% 
and 50%, slight erodible with EF values < 40%. The surface soil from the open pit falls into the 
classification of moderately to slightly erodible.  

Soil erodibility index I is a measure of intrinsic erodibility of bare soil and the value decreases with 
decreasing percentage of soil erodible fractions (Woodruff & Siddoway 1965). Soil erosion index has 
been developed during 1954-56 by wind tunnel and field measurements for the vicinity of Garden City, 
Kans (Chepil 1950, Chepil 1960, Chepil & Woodruff 1954, Chepil & Woodru  1963, Chepil et al. 
1962), and surface soils were divided into different wind erosion groups (WEP) (Gillette & Stockton 
1989). The EF values of the surface soil sample Nr2 and Nr3 are compared to soil erosion index, and it 
means that the samples have the soil erosion index of 4.7kg/m2/year (19t/acre/year) (see table from 
Woodruff & Siddoway 1965, and Gillette & Stockton 1989) and can be classified as WEG7. This 
means that the surface soil texture is of silt, non-calcareous silty clay loam with less than 35% clay 
content or fabric organic soil material (see table from Woodruff & Siddoway 1965, and Gillette & 
Stockton 1989). 

 

 
 

 

Figure 2.9 The open pit and sampling locations  
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Figure 2.10 Particle size distributions 
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Conclusions from this case study are: 

1) Dust generation due to the mining activities in Malmberget Iron Mine is affecting the down-
wind residential areas, and the particle transportation depends on the weather conditions and 
the rate of dust generation.  

2) The main sources of dust generation from Malmberget Iron Mine are haul road transportations, 
active stockpiles, and the open pit with the loose surface materials. 

3) Dust due to wind erosion of the loose material from the open pit were somewhat insignificant 
compared with that due to haul road transportations, active stockpiles and other surface 
machinery works.  

4) In addition to deposited dust, horizontal ambient air monitoring is suggested to be installed in 
the residential areas to monitor dust concentration in the air. 

5) To find out the dust suppressing method, quantification of the rate of dust generation of each 
source activity is required. 

 



 

17 

 

3. SELECTION OF DUST MEASRUING METHOD AND 
EQUIPMENT 

3.1. Method 
    Several methods for measuring dust emissions exit. The selection of a particular method depends on 
some factors such as: sources geometry, presence and absence of hooding or enclosing structure, 
possibility of hooding or enclosing the source, size of the dust cloud/plume, distances between the 
sources and possible measuring locations, type of sources activities……For mining and construction 
sites, where there is lack of hooding or enclosing for the dust generation activities, exposure-profiling 
methods and upwind-downwind methods are the most commonly used methods to measure fugitive 
dust (US EPA 1974, US EPA 1999). US EPA has used both methods to establish dust emission factors 
for various mining activities (US EPA 1974, US EPA 1999).  

Exposure-profiling method 

Exposure-profiling method is applicable to point sources, line sources and small scale volume 
sources, such as traffic travelling on a road, crusher, stockpiles, etc. The method measures the passage 
of airborne particulate matter immediately downwind from the source. The measurement is done by a 
simultaneous, multipoint sampling of particulate concentration over the effective cross section of the 
dust cloud. The ambient wind is the force to direct the dust cloud into the sampling array. The dust 
emission rate is obtained by a spatial integration of the distributed measurement of accumulated mass. 
For a line source, such as truck driving on a haul road, a single vertical integration is sufficient (Bohn 
et al. 1978). In case of a point source or small area source, two dimensional integration is required 
(Garmen & Muleski 1993, Bohn et al 1978). Exposure-profiling method is a good choice for line 
sources and small areas source which have relatively small dust cloud/plume. To ensure the accuracy 
of the measurement, the downwind TSP measurement should cover the effective cross section of dust 
cloud and the samplers should be located directly close to the source. In some cases, the sources might 
have a big dust plume. In such cases, it is difficult to cover the effective cross section by even a great 
number of downwind samplers. Then, upwind-downwind method could be a better choice to measure 
dust emission. 

Upwind-downwind method 

Upwind-downwind method is almost a universal method that is applicable for all kinds of sources, 
but may produce low accuracy. In this method at least one PM concentration is measured upwind of a 
dust source, and several downwind PM concentrations are measured as well. Wind speed, direction 
and other meteorological parameters should be monitored during the sampling. The net PM 
concentration is calculated by subtracting the downwind concentration from the upwind concentration 
and the net value corresponds to the PM concentration at the measuring location due to the source 
activity. A dispersion model is then used to back calculate the PM emission rate of the source that 
would result in the PM concentration at the measured location. Each of the net PM concentration from 
several downwind samplers yields an emission rate of the source, and the average of these rates gives 
the best estimate of the emission rate (US EPA 1993). Cowherd and Kinsey (1986) suggested that at 
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least five downwind PM concentrations at different distances are required in order to obtain reasonable 
accuracy. However, it is usually difficult to install many samplers due to complicated topography and 
ongoing operations. Some recent measurements (Chaulya 2006, Roy et al. 2010) of dust from surface 
mining have used only two downwind samplers along the central line of the dust cloud/plume ranging 
between 30 and 100m away the source and the validation showed the emission factors developed by 
two downwind samplers had a very good accuracy between 92-97%. 

The dust measuring equipment includes passive samplers and active samplers. Passive samplers rely 
solely on wind as the driving force to direct the particles into the collector, whilst active samplers use a 
pump to actively suck air sample into the sampler. Passive samplers are cheap but take a long time in 
order to accumulate an enough measureable amount of dust, and in some cases can produce very poor 
accuracies. Active samplers are efficient in dust collection and much more accurate compared with 
passive samplers. They are however, rather expensive. When using exposure profiling method both 
kinds of collectors are applicable. Though active samplers would produce more accurate results, 
passive samplers could also offer rather good results if the measurable amount of dust could be 
collected and enough sampling points are appointed over the effective cross section of the dust plume. 
However, when using upwind-downwind method, only active samplers are applicable. It is because 
passive samplers need days to collect enough measurable dust amounts and atmospheric condition 
varies so the back calculation by dispersion model cannot be performed.  

In this research dust generation from an unpaved road, a road construction site, and the Aitik tailings 
dam were measured. Theoretically, the best choice would be to measure dust generation from the 
unpaved road using exposure-profiling method, and to measure dust generation for the road 
construction and the Aitik tailings dam by upwind-downwind method.  However, active samplers are 
rather expensive, and with the limited fund all the measurements were done using exposure-profiling 
methods with eight passive samplers.  

 

3.2. Equipment 
Big Spring Number Eight sampler (BSNE) 

In this research the BSNE sampler (Fryrear 1986) was used to measure horizontal particle transport 
at different heights. BSNE sampler was designed by (Fryrear 1986). Because it is a passive sampler 
and requires no power supply, it is cheap and widely used in field experiments. By far it is the most 
popular passive sampler in aeolian research (Goossens & Buck 2012). Figure 3.1 shows a picture and 
the design of BSNE sampler. The sampler is constructed of 28-gauge galvanized metal, galvanized 18-
mesh screen, and stainless steel 60-mesh screen. Dust-laden air enters through the opening, which has 
an area of 20*50 mm2, and discharges through the 60-mesh screen. The air speed is slowed down 
inside the sampler because of enlarged space and it allows the dust to settle in the collection pan. The 
18-mesh screen helps to reduce the breakdown of deposited material and loss of very fine particles by 
reducing the movement of collected material. A wind vane attached to the rear allows the opening to 
face into wind direction. 
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Figure 3.1 BSNE sampler (Fryrear 1986) 

 

    BSNE sampler is very robust and able to collect a large amount of sediments, up to tens of grams or 
more (Goossens & Buck 2012). The flow speed near and through the opening is only about 5% lower 
than that of undisturbed flow, and thus can be considered approximately isokinetic (Shao et al. 1993). 
Efficiency of BSNE has been studied by (Fryrear 1986, Stout & Fryrear 1989, Shao et al. 1993, 
Goossens & Offer 2000, Goossens et al. 2000, Sharratt et al. 2007, Sharratt 2011, Goossens & Buck 
2012), for a wide range of wind velocities and grain sizes. Most of them came into the similar 
conclusion. The efficiency of BSNE decreases with decreasing particle size because fine grains easily 
follow the slight wind deflection at the sampler opening. Another reason is that fine particles are prone 
to escape from the meshes where the inflow gets out of the sampler. For coarse grains, the efficiency is 
rather high. Goossens and Offer (2000) measured the overall efficiency and suggested that it is of the 
range 86%-96% for sand, and about 40% for 30 m particle. Goossens and Buck (2012) used 
efficiency of 17.5% for PM10 which is the average of (Sharratt et al. 2007) measurement between 10% 
and 25%. Researchers have also noticed a slight decrease in the efficiency due to increasing wind 
speed, and this slight decrease can be neglected. In this research efficiency of 90% were used to 
correct the measurement values. 

Weather station 

    The ProWeatherStation (figure 3.2) was used during the measurement to monitor the weather 
condition. It is a high performance wireless data logging weather station with advanced sensor 
technology and provides instantaneous and historical data on inside and outside temperature and 
humidity, wind Speed (average and gust), wind direction, barometric pressure and rainfall. 
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Figure 3.2 The weather station (http://proweatherstation.com/Products/products.htm) 

Wind erosion prediction system (WEPS) 

    In this research WEPS was also used to model dust generation from the Aitik tailings Dam. WEPS 
is a process-based, daily time step model which simulates weather, field conditions and erosion (Hagen 
et al. 1995). The simulation region is limited to a rectangular area. However other field shapes such as 
circles or half circles can also be simulated by defining a rectangle of the same length, width, and area 
of the desired field shape. Input parameters to WEPS include field geometry, crop, soil, and weather 
parameters. WEPS has several sub-models: hydrology, management, soil, crop, decomposition, and 
erosion. The sub-models simulate the interrelation among growing crops, management, hydrology, 
erosion……and periodically update the soil parameter. The erosion sub-model simulates the soil losses 
when the friction velocity is over the calculated threshold frictional velocity. The velocity at which 
numerous aggregates begin to saltate is defined as the threshold frictional velocity and it depends on 
the surface parameters such as particle size, density, surface roughness, biomass and so on. WEPS has 
inbuilt coefficients to calculate the threshold frictional velocity and those coefficients were from 
numerous field tests, wind tunnel experiments and other laboratory works. The erosion model then 
calculates soil losses based on the time-dependent conservation of mass. Single-event Wind Erosion 
Evaluation Program (SWEEP) is a sub-model of WEPS which simulates a single storm event and 
assumes that the surface condition parameters do not change during a single event. When modeling 
wind erosion from the Aitik tailings dam, SWEEP was used with input parameters of field geometry, 
soil and weather parameters. The Aitik tailings dam was assumed to be a 2*6 km2 rectangle. 
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4. ESTIMATION OF DUST GENERATION 

4.1. Dust generation from unpaved road  
    Unpaved road often contributes a significant amount of atmospheric dust formed due to re-
suspension of road material by trucks, and observed as a dust cloud behind the driving vehicle. 
Unpaved road accounts for 90 percent of road networks worldwide (Keunnen 2003). In Sweden, it was 
reported that 20 percent of the 100,000 km national roads are gravel roads (Vägverket 2005). The 
lengths of the Swedish gravel roads are roughly estimated to be 300,000 km which corresponds to 75 
percent of the total roads network in Sweden (Enkell 2003). The dust emissions can cause safety 
problems by reducing operator’s visibility, discomfort for road-users, and health risks due to human 
exposures to heavy metals, metalloid, and mineral matter (Amato et al. 2009, Jones 1999). In addition, 
gravel road without proper dust control can increase fuel costs, travelling time, riding discomfort, and 
vehicle wear (Carlsson 1986). 

    The dust emission from an unpaved road consists of three parts: in the form of exhaust or tailpipe 
emission, from re-suspension of surface material due to truck travelling, and due to wind erosion of 
road surface. In most developed countries, exhaust emissions are expected to decrease drastically 
because of legislation control. Generally wind erosion will not happen unless the wind speed is greater 
than 8m/s at 2 meters height. Therefore, road dust is often referred to as re-suspension (Escrig et al. 
2011). To study the phenomenon of road dust generation and its influencing parameters, proper design 
for measurement of dust emission is an important factor. Though the importance of road dust has been 
well recognized, there are not so many field measurements outside the United States. Though few real-
world measurements of road dust have been done by automated samplers in Sweden, measurement by 
BSNE and the estimation of total dust generation from vehicle driving is rare. 

Material and method 

    Dust generations from two unpaved roads in Lulea, Sweden was measured by exposure profiling 
method using BSNE samplers. The first road was located in Hertsö area in the west of the city center 
of Lulea (figure 4.1). The road surface was natural soil with some boulders and there were vegetation 
covers along both sides of the road, which can hinder dust spreading (figure 4.2). The road leads to a 
picnic area, Hertsöträsket. The dust problem mainly takes place during weekends when people are free 
to drive to Hertsöträsket for picnics. The second road was at a construction site located in Björsby 
north of Luleå city center (figure. 4.1). The road surface was composed of fine materials and no 
vegetation exists in the construction site (figure. 4.3). The site was blocked and no cars were allowed 
to go through apart from those connected with construction activities. Dust was generated during large 
type excavator or other machine working and spreads to the surrounding areas. Both roads had no 
surface crust. 
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Figure 4.1 Location of the unpaved roads (Site1: Hertsö; Site2: Björsby) 

a                                                                   b 

Figure 4.2 a: The unpaved road in Hertsö, b: The road surface 

a                                                                 b 

Figure 4.3 a: The unpaved road in Björsby, b: The road surface 

The car used for dust generation was Ford Mondeo with an approximate weight of 1730 kg and 4 
wheels (figure 4.4). The car drove 15 runs for each of the following speeds: 20km/h, 30km/h, 40km/h 
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and 50km/h (figure 4.5). The measurements were undertaken using BSNE samplers (Fryrear 1986). 
BSNE sampler had a relative large inlet area of 10 cm2, and its efficiency was tested for various grain 
sizes (Goossens et al. 2000, Goossens & Offer 2000, Sharratt et al. 2007). For the first road, BSNE 
samplers were installed at the heights of 0.25m, 0.50m, 0.75m and 1.00m down wind direction of the 
road. Two sets of BSNE samplers were installed at the same side of the road in order to collect 
adequate dust quantity (figure 4.5). No samplers needed at the up to wind direction of the road because 
the wind velocity was insufficient to activate wind erosion of surface material, and the background 
dust was assumed to be 0. The same setup was used for the other road, but the heights of the samplers 
were at 0.58m, 0.83m, 1.08m and 1.33m, and the measurements were only undertaken for the driving 
speed of 20km/h. According to observations during measurements; the height of the dust plume was 
always between 1m to 1.5m.  

 

Figure 4.4 The dust generation by vehicle traveling 

 

Figure 4.5 The experimental setup 
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    The weather during the measurement was rather dry and sunny. Besides the BSNE samplers, two 
weather stations were installed at the height of 1m and 2m. The average wind velocity at the height of 
1 m and 2 m were 2.40m/s and 3m/s which cannot cause wind erosion. The wind direction was mostly 
from southwest. The measurements were done on the road sections which were perpendicular to the 
wind direction to ensure the largest amount of dust to be obtained in the samplers. Measurements on 
the two roads were done on the same day so that the weather factors were almost the same. 

    The dust in the samplers was collected by a brush with a great care to avoid sample loss. All the 
samples were weighed in the lab by a balance with the precision of 0.0001g. All particles are assumed 
to be below 60 m which corresponds to the maximum size of grain that can be transported in short-
term suspension under average wind speed and turbulence (Pye & Tsoar 1990). The samples of surface 
materials from the two roads were sent to the soil mechanics laboratory in Luleå University of 
Technology for moisture content and particle size analysis. Moisture content was measured by oven 
drying material at 105 C to constant weight. The difference of the weight before and after the drying 
process is the amount of the water existed in the sample. 

Results and discussion 

    Usually, dust production in a vacant area is calculated by using mass per unit area and the total area. 
Since a road is a line source, a better option to calculate dust production is to use mass per unit length 
traveled and the traveling length. The dust emission per unit length is calculated by integrating dust 
mass along the height of the dust plume. First, the amount of dust collected from different heights must 
be corrected for the efficiency of BSNE. The overall efficiency of 90% was used. The corrected dust 
mass is then divided by the inlet area of BSNE samplers (2 × 10 cm2) to calculate the dust amount per 
square meter at the four measuring heights. Integrating the dust amount from the road surface to the 
top of the dust plume, we get the total dust produced ( g/cm) in every centimeter traveled by the car. 
Figure 4.6 show the plot of the calculated total dust production per centimeter travelled against driving 
speed for the first road. 

 

Figure 4.6 Total dust emission per centimeter the car drove within the speed of 20, 30, 40 and 50 km/h 
for the road 1 
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    Figure 4.7 shows a significant difference between the two roads (site 1 and site 2) in calculated total 
dust production per centimeter travelled for the driving speed of 20 km/h. This is due to the different 
surface conditions of the two roads. Soil texture and the moisture content of the surface materials from 
the two roads are tabulated in Table 4.1. The second road had a higher amount of fine grains with sizes 
smaller than 63 m compared to that of the first road. Soil texture is the most important soil factor 
influencing dust production (Amato et al. 2009, US EPA 2003, US EPA 1999). With finer fraction 
existing, more dust can be generated. The second road contained a bit more rock constitutes compared 
with that of the first one. But it is possible that more rock constitutes could increase the abrasion 
between the tire and the road surface which results in additional dust production. Both surface samples 
showed very low moisture content, and no surface crust was observed on the sites. Vegetation covers 
were present along the two sides of the first road, which would reduce dust spreading rather than dust 
production. The second road had not vegetation protection at all, and the dust could spread to the 
surrounding areas. 

 

Figure 4.7 Total dust emission per centimeter the car drove within the speed of 20 km/h for the road 1 
and road 2 

Table 4.1 Soil texture and surface characteristics of the road surface 

Sample 
location 

Soil texture 
% 

Rock 
content in 
upper 
15mm 
>2mm, % 

Moisture 
content 

% 

Surface 
crust 

Vegetation 

<63 
m 

63- 
125 

m 

125- 
250 

m 

250- 
500 

m 

500- 
1000 

m 

1000- 
2000 

m 

Presence  

 
Site 1 

 
1.89 11.72 

 
12.44 

 
13.15 

 
14.34 

 
18.34 

 
28.13 

 
0.24 

 
No 

Along both 
sides of the 

road 

Site 2 7.57 12.49 16.10 10.73 8.90 9.75 34.44 0.39 No None 
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    Silt content as a factor influencing dust generation has been confirmed by several studies (Amato et 
al. 2009, US EPA 2003, US EPA 1999), which showed an increase of the dust level with increasing 
silt content. To visualize the silt content as an influencing factor, more data points are required. Two 
data points from (Gillies et al. 2005) were plotted together with the data from this study (Figure 4.8). 
All the data were measured at the same driving speed of 20 km/h. All the data were corrected for the 
vehicle weight before plotting. Figure 4.8 shows a linear relationship which is in consistence with 
earlier finding that dust generation increases with silt content. 

 

Figure 4.8: Dust emission versus silt content at the driving speed of 20km/h 
 

    A dust emission factor represents the value relating the amount of dust released to the atmosphere 
with the activity associated with the dust generation (US EPA 1995). The US EPA’s equation of dust 
emission factor for unpaved road for dry conditions has the following form (US EPA 1995): 

EF=5.9 k (s/12) (S/30) (W/3)0.7 (w/4)0.5                                                                                 Equation  4.1 

where: 

EF = the dust emission factor (pounds per vehicle-mile-traveled),  

k = the particle size multiplier (0.8 for PM30), 

s = the silt content of the road surface material (%), 

S = the mean vehicle speed (miles per hour),  

W = the mean vehicle weight (ton),  

w = the mean number of the wheels. 

    Figures 4.9 and 4.10 illustrates the measured and calculated dust emission using US EPA’s equation 
versus vehicle speed and silt content, respectively. Both figures show that the equation underestimates 
the dust production when vehicle speed and silt content increases, though they fit quite well at the low 
speed and silt content. The difference between measured values and calculated values increases with 
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vehicle speed and silt content. The equation underestimates the dust emission more than 50 percent 
when the vehicle speed and silt content is higher than 25.40km/h and 2.17 percent respectively (figure 
4.9, figure 4.10). The disagreement is not surprising as the US EPA’s equation is a site specific 
empirical estimation of dust estimation. New equations should be developed for different sites. Though 
it was found that emission factors are site specific (Roy et al. 2010), it is worth mentioning that US 
EPA emission factors are established and well referred in case there is no available emission factors.  

 

Figure 4.9 Measured and estimated dust emission versus driving speed 

 

Fig. 4.10 Measured and estimated dust emission versus silt content 

4.2. Dust generation from road construction 
Road construction is one example of heavy constructions that may have a substantial temporary 

impact on local air quality. During a heavy construction, dust emissions are released into the air by 
several activities: equipment movement on unpaved surfaces, cut and fill operations, excavation 
activities, crushing, land clearing, wind erosion of soil exposed by construction activities, etc. Dust 
emission from construction differs from other dust sources because of the temporary nature of the 
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construction period. Dust emissions from any single construction site have a definable beginning and 
ending, and vary substantially over different phases of the construction process (US EPA 1995). 
Estimation and quantification of dust emission are important and help environmental decision makers 
to permit a new heavy construction work. In Sweden, most of the studies and regulations regarding 
particulate pollution are emissions from internal and external combustions and fine particulate matters 
(Molvaer 2009, Phillips & Banregionen 2006, Johansson et al. 1999). Some works have been done in 
Sweden regarding road dust suppressants (Edvardsson 2010), road dust sources and properties 
(Gustafsson 2011), and impact on air quality due to construction dust (Phillips, Banregionen 2006). 
Studies had rarely been focused on quantification of dust generation. In this research dust generation 
from a road construction was measured using the exposure-profiling method. 

Lulea road is the entrance to the World Heritage in the church villiage, Vanhankaupunginlahti. The 
road crosses the railway near Lulea intermodal terminal and currently the passage is regulated with 
signals and barriers. The railway is busy and shunting movements from the intermodal terminal 
charged junction further. This leads to major safety and mobility problems for road traffic through the 
area as well as being a barrier to rail transport development. For these reasons, a road bridge started in 
January 2013 to be constructed over the railway line for cars with separated pedestrian and bicycle 
path. The construction will end in September 2014. During June, July, August when the weather is 
warm and dry, dust emission is a major environmental problem. Figure 4.11 shows a map of the 
construction site. The dust measurement was done for the period of 2013-08-05 to 2013-09-13. During 
this period, the road to the bridge was under construction. 

 

Figure 4.11 Map of the construction site (http://www.lulea.se/samhalle--gator/aktuella-
projekt/plan%20skild-korsning-gammelstad.html) 
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The construction work on the road to the bridge was considered as the source of dust emission 
during the measurement period and the measurement only measured dust from construction work 
which did not include dust generated due to traffic travelling on temporary roads around the site. 
BSNEs were placed directly downwind the source. Theoretically, the samplers should be installed 
vertically at different heights, as well as horizontally at different distances in order to effectively cover 
the cross section of the dust cloud. Five BSNEs were placed at the height of 0.5 meters above of 
ground surface linearly over the width of the dust cloud.  The BSNEs were marked with a, b, c, g, and 
h. Due to the limitation on the number of samplers only the BSNE in the middle of the 5 BSNEs 
(which is sampler c) was installed with 3 more BSNEs above with heights of 1.25 m, 2 m, and 2.75 m, 
and they were marked with d, e and f. During the period of 2013-08-05 to 2013-08-12 the samplers 
were placed Southwest-West to the source, and thus wind from Northeast-East was demanded to direct 
the dust into the collectors. The distance between the sampler a, b, c, g, and h were 11 m, 9.4 m, 14.6 
m, and 7.9 m (Figure 4.12). For some reasons that installation of the samplers was in conflict with the 
construction works, during the period of 2013-08-19 to 2013-09-13 the samplers had to be moved to 
South-Southeast of the source, and therefore, the wind from North-Northwest was required to direct 
the dust into the collectors. The distance between the sampler a, b, c, g, and h were 18.7 m, 32 m, 20.5 
m, and 29.10 m (Figure 4.13). A weather station was also installed at the height of 2 m to monitor the 
weather condition. It was assumed that the collectors had zero collections when the wind direction was 
biased more than 45 degrees to the both sides of the demanded wind direction. The road surface 
materials were also sampled for particle size analysis and moisture content. Since the experiment 
measured the dust emission from the same source, the collected data should be comparable no matter 
the collectors were at Southwest-West to the source (Figure 4.12) or South-Southeast to the source 
(Figure 4). The important thing was that different wind directions were required to direct the dust into 
the collectors. During the measurement, the road was filled with different materials. The threshold 
frictional velocities of the filling materials were estimated by sieving method (US EPA 1995, Chepil 
1952), and the results were shown in table 4.2. The threshold wind velocities were then calculated by 
logarithmic distribution of wind speed profile above the surface (equation 4.2). The calculated 
threshold wind velocities of the filling materials were not lower than the monitored wind velocities 
(monitored average wind velocities were shown in table 4.3). This means no wind erosion happened 
and all dust was generated by the machinery works of the road construction. 

Table 4.2 Filling materials and estimated threshold wind velocities 

 
LayerGravel and coarser, %

 
Sand content, %

 
Silt content, %

Threshold 
frictional 
velocity, m/s 

Threshold wind 
velocity at 2 meters , 
m/s 

1 0.13 0.7 0.17 0.43 12.88 
2 0.13 0.81 0.07 0.43 12.88 

3 0.78 0.2 0.02 1 24.76 
 

u(z)=(u*/0.4) ln(z/zo)     (z>zo)                                                                                                Equation 4.2 

where: 
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u = wind speed, cm/s 

u* = frictional velocity, cm/s 

z = height above text surface, cm 

zo = roughness height, cm 

 

 

Figure 4.12 Mesaurement for the period 2013-08-05 to 2013-08-12 

 

Figure 4.13 Measurement for the period of 20130819 to 20130913 
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The dust masses collected from all sampling points were plotted in Figure 4.14. They were 
calculated as unit mg/m2/s. Since no wind erosion of road material was happening, and the collector 
had no collection when the wind direction was biased more than 45 degrees to the both sides of the 
demanded wind direction, the calculation excluded the weekend and non-working hours, as well as the 
time when the wind was beyond the required direction. The purpose of exposure-profiling method is to 
measure the dust mass variation over the cross section of the dust cloud to find out the boundary of the 
cross section when dust mass is close to zero so that the integration can be done over the cross section. 
It was expected that horizontally the dust mass should have a maximum value in the middle sampling 
point and decrease to both sides to zero when reaching to the boundary of the dust cloud. Vertically 
dust mass was expected to have a maximum value at the lowest sampling point and decrease with 
height to the top of the dust cloud. However, due to the limited number of sampling points, it was not 
easy to get the expected trend for all sampling periods (Figure 4.14). Dust masses from five sampling 
periods, which were 2013-08-05 to 2013-08-09, 2013-08-12, 2013-08-19 to 2013-08-21, 2013-08-26 
to 2013-08-30, and 2013-09-02 to 2013-09-06, were in the expected trend. Integration could be done 
by simply assuming that the dust mass varies in the same pattern horizontally at different heights, and 
varies in the same pattern vertically over the width of dust cloud. 

 

Figure 4.14 Dust mass for the sampling periods. a: dust mass for the sampling point a, b, c, g, h when 
the samplers were located as in Figure 4.12; b: dust mass for the sampling point c, d, e, f when the 
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samplers were located as in Figure 4.12; c: dust mass for the sampling point a, b, c, g, h when the 
samplers were located as in Figure 4.14; d: dust mass for the sampling point c, d, e, f when the 

samplers were located as in Figure 4.13 

    Figure 4.15a is the plot of average dust masses of all sampling points a, b, c, d, e, f, g and h for all 
seven sampling periods. Figure 4.15b, c and d show the moisture content of the road layer materials, 
wind speed and outdoor humidity for the sampling periods. The construction work was carried out 5 
days a week from 6 am to 6 pm with a constant working load; therefore, the effect of working scale is 
not considered for dust emission. Comparing dust mass (Figure 4.15a) with material moisture content 
(Figure 4.15b), wind speed (Figure 4.15c), and outdoor humidity (Figure 4.15d), only moisture content 
of surface material had some relationship with dust mass, and the others had no clear relation with dust 
mass. Dust generation can be influenced by several factors in a complicated and interactive way. 
Figure 4.15 indicated that moisture content of surface material had the closest relation with dust 
generation, whilst wind speed and humidity had minor or no influences. Moisture in surface material is 
a result of the influence of rainfall, evaporation, humidity and so on. It is known that moisture content 
increases inter-particle binding forces and thus reduces dust emission. This is shown in figures 4.15a 
and b, when moisture content was low the dust mass was high. Wind force is an important factor 
concerning wind erosion, and wind speed must be over threshold velocity to initiate wind erosion of 
surface material. Since no wind erosion took place during the measuring period, the mechanical forces 
initiated dust generation, and wind was only the transport agency of dust particle.  Therefore, wind 
velocity mainly affects the speed of the dust transportation rather than the mass of dust generated. 
Outdoor humidity is one of the factors that resulted in changes in moisture within the surface material. 
Figures 4.15a and d show a very weak relation between dust mass and humidity. The overall effect of 
weather factors to moisture content should be analyzed as a whole rather than considering humidity 
separately. 

 

 

a 

b 
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Figure 4.15 Average dust mass of all sampling points (a), moisture content (b), wind speed (c) , and 
outdoor humidity (d) versus sampling period 

    Dust masses from the sampling periods, 2013-08-05 to 2013-08-09, 2013-08-12, 2013-08-19 to 
2013-08-21, 2013-08-26 to 2013-08-30, and 2013-09-02 to 2013-09-06, were in good patterns which 
were able to be used to calculate the integrated dust mass over the estimated cross section of dust cloud 
by simply assuming dust mass varies in the same pattern horizontally at different heights, and varies in 
the same pattern vertically over the width of dust cloud. The integrated values corresponding to the 
sampling periods were 6.2 kg/d, 6.5 kg/d, 5.8 kg/d, 5.6 kg/d and 5.6 kg/d, respectively. This gives the 
average dust production during the measuring period to be 6 kg TSP/d. This value did not include the 
dust generated due to the traffic travelling on the temporary roads around the site. Midwest Research 
Institute (MRI 1999) has proposed an equation to estimate dust emission from heavy construction in 
the following form: 

Emission = (0.42tonsPM10/acre/month) M f d                                                                   Equation 4.2 

where:  

M = miles of new roadway construction  

f = miles to acre conversion factor 

d = duration of roadway construction 

    Using equation 4.2 with acre to mile conversion factor of 7.9 (MRI 1999), and the length of the road 
to the bridge of 0.1 km, PM10 amount was calculated to be 6.86 in a unit of kg/day. Based on 
sufficient field measurement, a typical ratio of 0.3 for PM10/TSP has been used by US EPA (Goossens 
& Buck 2012, US EPA 1995). The amount of TSP generated by the source was estimated to be 22.87 

c 

d 
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kg/d. This value includes all dust generation from construction works and traffic travelling on 
temporary roads. Subtracted by the measured average dust production during the measuring period of 
6 kg TSP/d, the dust emission due to traffic travelling on temporary roads was estimated to be 16.86 kg 
TSP/d. 

In conclusion, the study measured the dust emission from a road construction in Luleå, Sweden. The 
measurement was done by exposure-profiling method using BSNE dust samplers. As estimated 
threshold wind velocities of surface materials were higher than measured wind velocity, dust emission 
was only from mechanical construction works rather than wind erosion of surface material. Dust 
masses from 7 sampling periods indicated that dust emission was mainly influenced by moisture con- 
tent of surface material which was a result of influences of several weather factors. Since no wind 
erosion happed, wind speed mainly affects the speed of dust transportation rather than the amount of 
dust generated. The estimated dust emission rate for the construction work was 22.86 kg TSP/d, of 
which 6 kg/d was from construction work and 16.86 kg/d was generated due to traffic on temporary 
roads. This confirmed the other researchers which concluded that dust were mainly generated from 
unpaved road transportation in mining sites or construction sites (US EPA 1995, Organiscak & Reed 
2004, MRI 1999). Due to the limited number of sampling points, dust masses collected from some 
sampling periods were failed to find out the boundary of the dust cloud. More sampling points are 
needed to cover the effective cross section of the dust cloud. 

 

4.3. Dust generation from the Aitik tailings dam  
    Aitik, owned by Boliden Mineral AB, is a copper mine which is located near Gällivare in northern 
Sweden. The Aitik mine is the largest open pit mine in Sweden. The annual production of Aitik mine 
in 1968 was 2 million tonnes of ore, and this production was increased to 34.3 million tonnes in 2012. 
The waste materials are deposited in the tailings dam (Figure 4.16). The impoundment is spread over 
an area of 12 km2.  Strong dust storms often occur when it is dry and windy. Waste impoundments are 
usually not protected by any growing crops, soil roughness, or wind barriers. Dust due to wind erosion 
of the surface waste material can be a major environmental problem. Such dust dispersion can be a 
nuisance and a health hazard to inhabitants and animals in nearby settlements. It also pollutes soil, 
surface water and ground water. In this research, the dust production from the Aitik tailings dam was 
measured, and the value was compared with simulated value using SWEEP model. 
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Figure 4.16 Left: The map of Sweden; right: The Aitik Tailings dam 
 

The measurement was done by exposure-profiling method, and the collected dust particles were 
total suspended particulate matter (TSP). The method measures the passage of airborne particulate 
matter immediately downwind from the source by simultaneous, multipoint sampling of particulate 
concentration over the effective cross section of the dust cloud. The statistics of wind direction for the 
year 2001-2010 in Aitik show the wind was dominantly from west (Figure 4.17). Therefore, the 
BSNEs were installed along the downwind dam section (dam A-B in Figure 4.18). Due to the limited 
number of samplers, the measurement was done for only half length of dam A-B, and the dust 
generation for the other half dam was assumed to be the same as the measured values.   

 

Figure 4.17 Wind rose in Gällivare 2001-2010(Aitik meteorological report 2010) 

    To measure the horizontal variation of dust concentration, five BSNEs (sampler a, b, c, d, e) were 
installed at the height of 1.5m along dam A-B from the middle to the end dam A-B (Figure 4.18). The 
distances between BSNEs were 103m, 115m, 350m, and 500m. At the same location of the middle 
BSNE, two more BSNEs (sampler f and g) were installed at the height of 2.5m and 3.5 m to measure 
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the vertical variation of dust concentration. The collectors were faced into the tailings dam 
perpendicular to dam A-B, and the wind from Northwest-West was required to drive the dust into the 
collectors. It was assumed to be none dust collection when wind direction was beyond 45 degrees to 
the both sides of Northwest-West direction. A weather station was installed as well to monitor the 
wind direction and speed. The measurement was done for the period of 2013-10-12 to 2013-10-29. 
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Figure 4.18 Experiment layout 

    The BSNEs were continuously collecting dust particle during the period 2013-10-12 to 2013-10-29. 
The weather station monitored the following dates with required wind directions from Northwest-West: 
2013-10-14, 2013-10-15, 2013-10-19, 2013-10-20, and 2013-10-21. BSNEs were not collecting any 
dust for the other days because of unfavorable wind directions. Figure 4.19 shows the particle size 
distribution of the collected dust particles. The majority was below the size of 0.1mm and the dust 
particles were slightly finer than the tailings particles. Figure 4.20 shows the mass of dust particles 
collected in BSNEs. It indicates that the dust mass was relatively high in the middle of the dam edge 
and diminished with height and to the end of the edge. Therefore, approximately the cross section of 
the dust cloud had a height of 4m and the width close to the length of dam A-B. The total dust 
generated for the five days was calculated by integrating dust masses over the cross section of the dust 
cloud. Since the number of installed collector was limited some assumptions were needed in order to 
carry out the integration. The assumptions were that 1) dust masses for the other half length of the dam 
was the same as the dust masses for the measured half dam; 2) horizontal variations of the dust mass 
had the same pattern at different heights; 3) vertical variation of the dust mass had the same pattern at 
different distances. The value was corrected with sampler efficiency and the sub-variation of wind 
directions during the five days. The total suspended loss from the Aitik dam for the five days was 
2300812.5 kg, which divided by the area of the tailings dam of 12 km2 resulted in 0.475kg/m2.  
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Figure 4.19 Particle size distribution of dust samples and tailings particles 

 
 

Figure 4.20 Collected dust mass in BSNEs, up: horizontal BSNEs a, b,c, d, e, and the distances 
between them were 103m, 115m, 350m, and 500m; down: vertical BSNEs a, f, g, and the heights above 

the ground were 1.5m, 2.5m and 3.5m 

SWEEP is a standalone sub-model of WEPS, and is a process-based computer model coupled with a 
simple graphical user interface that simulates wind erosion for a single storm event. The model 
estimates threshold friction velocity and starts the simulation of wind erosion when friction velocity 
exceeds the threshold. Friction velocity is calculated from log-law wind speed velocity and 
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aerodynamic roughness. Aerodynamic roughness depends on oriented roughness, random roughness, 
and leaf and stem area. Threshold friction in SWEEP is defined as the velocity at which numerous 
aggregates begin to saltate (Sharratt et al. 2007). It depends on soil aggregate, aggregate density, crust 
cover, loss material on crust, surface roughness, bio mass, soil moisture content and soil wilting point 
water content. All the input parameters are classified to field dimension, crop parameters, soil 
parameters, and weather factors. Since the tailings dam is a mining waste impoundment, crop 
parameters do not need to be considered in the modeling.  Table 4.2 lists the input parameters for 
SWEEP model, and the Aitik tailings dam was assumed to be a 2*6 km2 rectangular field. The 
simulation was done for the selected dates shown in table 4.3, and those days were the days with 
required wind directions monitored by the weather station. 

 

Table 4.3 Parameters for SWEEP modeling  

Parameters Date 

14102013 15102013 19102013 20102013 21102013 

Soil      

Bulk density (mg/m-3) 1.77 1.77 1.73 1.73 1.73 

Sand fraction(0.05-2.0mm, mg/mg) 0.41 0.41 0.41 0.41 0.41 

Very fine sand fraction (0.05-0.1mm, mg/mg) 0.26 0.26 0.26 0.26 0.26 

Silt fraction (0.002-0.05, mg/mg) 0.37 0.37 0.37 0.37 0.37 

Clay fraction(<0.002mm, mg/mg) 0.04 0.04 0.04 0.04 0.04 

Rock volume fraction (m3/m3) 0 0 0 0 0 

Average aggregate density (mg/m3) 2.0 2.0 2.0 2.0 2.0 

Average dry aggregate stability [In(J/kg)] 1.42 1.42 1.42 1.42 1.42 

GMD of aggregate size (mm) 1 1 1 1 1 

GSD of aggregate size (mm/mm) 10.39 10.39 10.39 10.39 10.39 

Minimum aggregate size (mm) 0.01 0.01 0.01 0.01 0.01 

Maximum aggregate size (mm) 11.33 11.33 11.33 11.33 11.33 

Surface water content (mg/mg) 0.19 0.19 0.16 0.16 0.16 

Weather      

Wind direction NW-W NW-W NW-W NW-W NW-W 

Temperature ( C) 3.14 0.66 -5.85 -3.46 -4.98 

Anemometer height (m) 2 2 2 2 2 

Average wind speed (m/s)  4.34 6.94 3.01 5.81 3.75 

 

    Table 4.4 shows the simulated material loss from the Aitik dam for the five simulated dates. Under 
natural conditions soil motion during wind erosion was classified into three categories, namely 
creeping, saltation and suspension (Bagnold 1941). Chepil (1945) gave the division of grain size for 
the three categories. Creeping particles, ranging between 0.5-2mm, are the largest movable surface soil 
and rolling across the surface by wind forces. Medium sized particles of 0.1-0.5 mm in diameter are 
saltating or jumping across the surface. Finer grains smaller than 0.1mm are subjected to long time 
suspension in the air. In the simulated result (table 4.4) SWEEP estimated material loss for saltation 
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and creep loss, suspension loss, and PM10 loss. Saltation and creep particles are typically deposited 
locally, whereas suspended particles can be lifted into air and carried great distances. Suspended grains 
can thus be detrimental for off-site air quality, and PM10, even is a small fraction of suspended 
particles, can, however, pose a respiratory hazard to human health in particular. The total material loss, 
saltation and creep loss, suspension loss, and PM10 loss were 4.4941kg/m2, 0.042 kg/m2, 4.4559 kg/m2, 
0.264057 kg/m2 respectively (table 4.4).  
 
Table 4.3 SWEEP simulated material loss from the Aitik dam 

 Date Total loss 
for 5 days 

14102013 15102013 19102013 20102013 21102013 

Total soil loss, kg/m2 0.5086 1.6116 0.4178 1.2825 0.6736 4.4941 

Saltation and Creep loss, kg/m2 0.0043 0.0161 0.0034 0.0124 0.0058 0.042 

Suspension loss, kg/m2 0.5043 1.5995 0.4143 1.2701 0.6677 4.4559 

PM10 loss, kg/m2 0.02767 0.099261 0.022431 0.077249 0.037446 0.264057 

 

 

Figure 4.21 Material loss from the Aitik dam 
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    Figure 4.21 shows downwind discharges of material loss for 2013-10-14, and the downwind 
discharges for the other days had similar patterns. The typical behavior of downwind discharge of a 
wind eroded field is that the suspension keeps increasing with downwind distance, even though 
saltation and creep reach a maximum capacity at a certain downwind point. This is because under a 
certain wind speed, there is a maximum capacity for saltation and creep fraction that uses up all the 
wind force under the wind speed. Whereas suspended particles are released by impacts of the jumping 
and rolling saltation and creeping grains and as long as downwind fine sized particles are not depleted 
the suspension continues increasing. As indicted by Figure 4.21, saltation and creep loss reached the 
maximum capacity approximately at 800 m downwind the upwind edge of the tailings dam. 
 
    The measured total suspended loss of 0.475kg/m2 had a big difference with simulated value (4.4559 
kg/m2 in table 4.4). Even though WEPS model has been evaluated in cropland and concluded the 
simulated values were in reasonable agreement with the measured ones (Hagen 2004). The model had 
never been evaluated for fields other than agriculture land. Many reasons contributed to the 
disagreement of simulated value and measured value in this study. The measurement of wind erosion 
of a vacant area by the exposure-profiling method requires enough number of collectors to cover the 
cross section of dust cloud. However, in this study the number of the collector was very limited and 
only small area of the cross section was sampled. A lot of assumptions had to be made to calculate the 
total suspended loss and this could result in tremendous inaccuracy. Also a considerable amount of 
sample was been lost since the machinery works interrupted the measurement and destroyed some of 
the collectors during the measurements. In addition, although in the SWEEP model the input 
parameters are important to estimate the erosion losses, the internal empirical coefficients and 
equations may affect the simulation resulting in an overestimation or underestimation result. In order 
to use the model for mining industry more tests are needed to validate the modeling result and 
calibration methods could be useful in adjusting the internal coefficients and empirical equations. 
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5. CONCLUDING REMARKS AND RECOMMENDATIONS

5.1. Concluding remarks 
Fugitive dust is one of the major environmental problems for mining, construction, and other 

industrial activities. Uncontrolled dust generation causes nuisance to the environment and especially 
residential area and adds to PM10 concentrations. For this reason, the first step when designing a 
control method is to estimate the dust emission rate of the source. Many work was been done to 
quantify dust emissions from industrial activities in different parts of the world (e.g. USA (US EPA 
1995), India (Chaulya 2006b, Sinha 1995, Ghose 2004, Ghose & Majee 2007, Roy et al. 2010), 
Australia (Environment Australia 2001)). Though the problem of dust generation due to industrial 
activities had been well recognized in Sweden, but little was done to estimate the dust emission rate of 
source activities. The fact that the source activities and related dust emission rates are poorly known 
imposes a problem both for general air quality management as well as the operational management of 
the facilities. This is problematic particularly for mining industry which has a long term impact on air 
quality due to dust generation since it has a very long lifetime.  This research is an attempt to estimate 
the dust emission rate from unpaved roads, a construction site, as well as a tailings dam using 
exposure-profiling method and BSNE samplers. The main conclusions are: 

1). Dust emission rate from a source activity depends on characteristics of the activity, properties of 
the handled surface material, as well as the weather factors. 

2). Exposure-profiling method is a proficient method to measure dust emission from a line source 
(unpaved road, haul road). The dust emission rates from two unpaved roads were effectively estimated 
by this method. 

3). For non-line sources (construction works, tailing dam, and other activities such as crushing, loading 
and unload), the method may produce a very poor estimate unless a great number of sampling points 
are located to cover effective cross section of the dust cloud/plume. In this case upwind-downwind 
method is suggested. However, it is worth mentioning that in this research the rough estimations of the 
dust generation from the construction site and the tailings dam using exposure-profiling method give a 
valuable initial insight of the problem when there is little known about the dust generation rate relating 
source activities. It also gives good ground information for the better implementation of measurements 
and initial control methods.  

4). BSNE samplers are cheap but require certain time in order to collect a measurable amount of dust 
mass.  

5). WEPS is a wind erosion modeling software for agricultural fields. The research found some 
disagreement when using it to model wind erosion of the tailings dam. The validation of the software 
is required.  

6). Both exposure-profiling and upwind-downwind methods are applicable for development of dust 
emission factors depending on the source characteristics. Dust emission factor will be of great 
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significance for the prediction and control of dust generation from industrial activities for the future 
works.  

5.2. Recommendations and future work 
    The estimation of dust generation helps mine environmental engineers and managers to gain prior 
information on about its impact on air quality. Estimation of the dust problem can be done by 
calculating the emission factors. The future work can be focused on development of dust emission 
factors. Once the emission factor is established, dust generation can be estimated and predicted for any 
ongoing and proposed industrial activities, 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 the 
weight of a pollutant per unit weight, volume, distance, or duration of the activities emitting the 
pollution. These factors are generally average values representing 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)                                                                                                          equation 5.1 

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

US EPA has done a number of comprehensive work regarding dust emissions from various 
industrial activities (Zeller et al. 1979, US EPA 1974, US EPA 1977, US EPA 1993). The established 
emission factors are compiled in the US EPA document referred as AP-42 (US EPA 1995), and 
revisions are continuously being done in recent years (US EPA 1998, US EPA 2006, US EPA 2008). 
Some work had also been taken in other parts of the world (e.g. Australia (Environment Australia 
2001), India (CMRI 1998, Sinha 1995, Chaulya 2006b, Ghose 2004, Ghose & Majee 2007, Roy et al. 
2010), Colombia (Huertas et al. 2012)). European Environmental Agency (EEA 2009) developed a 
generalized dust emission inventory related to the mining production rate. The inventory was 
developed based on the emission factors obtained by collecting and re-organizing all PM emission 
information available in European countries and some of the factors were from US EPA AP-42. 
Though it was found that emission factors are site specific (Roy et al. 2010), it is worth mentioning 
that US EPA emission factors are established and well referred in case there is no available emission 
factors. In Sweden, almost no work done for dust emission factors for industrial activities.  

Development of dust emission factors for an industrial area is divided into four steps. They are as 
follows: 

1) Identifying the sources activities within an industrial area. For any industrial area, no matter 
whether it is a mining or construction, or any other site; the common source activities include haul 
road transportation, loading and unloading to stockpiles, crushing, dumping…… 
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2) Identifying the impacting parameters of dust emission rate for a specific source activity. Various 
source activities have different impact parameter regarding dust emission rate depending on different 
mechanical works and handling materials. A haul road transportation, for example, has impacting 
parameter such as driving speed, vehicle weight,  silt content and moisture content of road surface 
material; whereas for crushing, the impact parameters are particle size reduction ratio, the weight of 
feeding material, silt content and moisture content of feeding material. In addition, weather condition 
is always a parameter that impact dust emission rate for all source activities. 

3) Selection of measuring method and implementation of field measurement. Dust emission can be 
measured either by exposure-profiling method or upwind-downwind method. Exposure-profiling 
method is a perfect method for a line source. Upwind-downwind method is basically a universal 
method for all types of source activities, and it is recommended for non-line source activities. BSNE 
sampler is cheap and used in this research. It, however, requires a certain amount of time to collect 
measurable dust mass. Though the active samplers might be expensive, they produce accurate 
measurement and very efficient in dust sampling. Active samplers are more recommended in the 
overall perspective. Some of the effective and economical active samplers are evaluated by Watson et 
al. (2011).  In addition to dust measurement, the impacting parameters of a source activity and weather 
condition must be measured and monitored as well.  

4) Data analysis. This includes calculation of dust emission rate and relating to the impact parameters 
of a source activity. For exposure-profiling method, dust emission rate is gained by integrating the 
measured dust concentrations over the effective cross section of a dust cloud/plume. For upwind-
downwind method, the dust emission rate is gained by back calculation using dust dispersion models. 
Several of the dispersion models are available commercially. The most applicable ones are Air Force 
Dispersion Assessment Model (ADAM), Industrial Source Complex model (ISC), and they are 
developed and used by US EPA. 

    In conclusion, fugitive dust emission due to industrial activities in Sweden is one of the major 
environmental problems. The fact that the source activities related to dust emission rates are poorly 
known which poses a problem both for general air quality management as well as for the operational 
management of the facilities. Estimation of dust emission rate and development of dust emission 
factors should be the first focus point in the future work in order to solve the problem.   
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Abstract  
Waste impoundments are usually not protected by any growing crops, soil roughness, or wind barriers, and dust due to 
wind erosion of the surface waste material can be a major environmental problem. The tailings dam in Aitik is highly 
susceptible to wind erosion when it is dry and windy. Strong dust storms may occur during dry seasons. These events 
are short-lived but may transport a huge amount of particulate matter and adversely impact air quality in downwind 
areas. This study estimated material loss from the Aitik tailings dam using SWEEP model. The simulated total material 
loss, saltation and creep loss, suspension loss and PM10 loss were 4.4941kg/m2, 0.042 kg/m2, 4.4559 kg/m2, 0.264057 
kg/m2 respectively. To control the dust generation wind breaks could be suggested to be installed at 800m downwind 
the upwind edge of the tailings dam to reduce the saltation and creep and it would in turn reduce suspended emission. 
The measured total suspended material for five days by exposure profiling method was 0.475kg/m2, which had a big 
difference with simulate a value of 4.4559 kg/m2. Many reasons contributed to the disagreement of simulated value and 
measured value in this study. In order to use the model for mining industry more tests are needed to validate the model-
ing result and calibration methods could be useful in adjusting the internal coefficients and empirical equations. 
 
 
Keywords: Dust, wind erosion, tailings dam, SWEEP model  

1. Introduction
Wind erosion occurs whenever the wind speed is over 
the threshold required to erode the soil. Waste im-
poundments are usually not protected by any growing 
crops, soil roughness, or wind barriers, and dust due to 
wind erosion of the surface waste material can be a ma-
jor environmental problem. Such dust dispersion can be a 
nuisance and a health hazard to inhabitants and animals 
in nearby settlements. It also pollutes soil, surface water 
and ground water. Slope length, slope angle, together 
with surface shear strength or surface hydraulic rough-
ness had been confirmed as key parameters of erosion by 
the study of erosion of gold tailings impoundments in 
South Africa [1, 2, 3].  Blight [4] gave a brief review on 
waste impoundment wind erosion issues and provided 
some details on the mechanics of how wind erodes the 
surfaces. 
  The universal soil loss equation (USLE) [5, 6] used to 
predict erosion from agriculture fields for many years. It 
was later updated to be wind erosion Equation (WEQ) 

[7], and further improved to be Revised Wind Erosion 
Equation (RWEQ) [8, 9]. Combining the technology of 
these erosion equations with databases and computers, 
the equations are replaced by Wind Erosion Prediction 
System (WEPS). The wind erosion prediction system 
(WEPS) is a process-based, continuous model that simu-
lates creep, saltation, and suspension processes for agri-
culture soils under a wide range of environmental condi-
tions and managements [10]. Single-event Wind Erosion 
Evaluation Program (SWEEP) is a standalone version of 
WEPS, and it simulates material loss for a single dust 
event. The models have been tested and validated in 
many agriculture fields [11, 12, 13]. Very few studies 
have done to use the models for non-agriculture fields 
[14]. This study used SWEEP to model wind erosion 
from the tailings dam which is the waste impoundment 
from Aitik copper mine located in Northern Sweden.  
  The tailings dam in Aitik is highly susceptible to wind 
erosion when it is dry and windy. Strong dust storms 
may occur during dry seasons. These events are 
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short-lived but may transport a huge amount of particu-
late matter and adversely impact air quality in downwind 
areas. Though sediment traps have been installed and 
collecting deposited mass over the whole mining area, no 
assessment was made on PM emission from the tailings 
dam. This paper used SWEEP model to simulate material 
loss due to wind erosion from the Aitik tailings dam. The 
field measurement of dust production has also been 
down by exposure-profiling method, and the modeled 
result and measurement result were compared.  
 

2. Materials and methods 

2.1.  The Aitik tailings dam 
Aitik, owned by Boliden Mineral AB, is a copper mine 
which is located near Gällivare in northern Sweden. The 
Aitik mine is the largest open pit mine in Sweden. The 
annual production of Aitik mine in 1968 was 2 million 
tonnes of ore and this production was increased to 34.3 
million tonnes in 2012. The waste materials are deposit-
ed in the tailings dam (Figure1). The impoundment is 
spread over an area of 12 km2.  Strong dust storms of-
ten occur when it is dry and windy. The measurement of 
dust generation was done by Big Spring Number Eight 
(BSNE) sampler.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2. Big Spring Number Eight (BSNE) 
Big spring number eight (BSNE) samplers were designed 
by Fryrear [15]. Because it is a passive sampler and re-
quires no power supply, it is cheap and widely used in 
field experiments. By far, it is the most popular passive 
sampler in aeolian research [16]. Figure 2 shows a pic-
ture and the design of BSNE sampler. The sampler is 
constructed of 28-gauge galvanized metal, galvanized 
18-mesh screen, and stainless steel 60-mesh screen. 

Dust-laden air enters through the opening, which has an 
area of 20*50 mm2, and discharges through the 60-mesh 
screen. The air speed is slowed down inside the sampler 
because of enlarged space, and it allows the dust to settle 
in the collection pan. The 18-mesh screen helps to reduce 
the breakdown of deposited material and loss of very fine 
particles by reducing the movement of collected material. 
A wind vane attached at the rear allows the opening to 
face into wind direction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  BSNE smpler is very robust and able to collect a large 
amount of sediments, up to tens of grams or more [16]. 
The flow speed near through the opening is only about 
5% lower than that of undisturbed flow, and thus can be 
considered approximately isokinetic [17]. Efficiency of 
BSNE has been studied by [15], Stout and Fryrear [18], 
Shao et al. [17], Goossens and Offer [19], Goossens et al. 
[20], Sharrat et al. [21], Sharrat [22] and Goossens and 
Buck [16], for a wide range of wind velocity and grain 
size. Most of them came into the similar conclusion. The 
efficiency of BSNE decreases with decreasing particle 
size because fine grains easily follow the slight wind de-
flection at the sampler opening. Another reason is fine 
particles are prone to escape from the meshes where the 
inflow gets out of the sampler. For coarse grains, the effi-
ciency is rather high. Goosseens and Offer [16] measured 
the overall efficiency between 86%-96% for sand, and 
about 40% for 30 m particle. Goossens and Buck [16] 
used efficiency of 17.5% for PM10 which is the average 
of Sharrat et al.’s [21] measurement between 10% and 
25%. In this research, the efficiencies which used to cor-

  
Figure 1 Left: The map of Sweden; right: The Aitik 
Tailings dam

 

 
Figure 2 The BSNE sampler. Up: closed 
sampler. Down: opened sampler [16] 
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rect the measurement are: 90% for particles > 30 m, 
40% for particles between 30 m and 10 m, and 17.5% 
for PM10. Also, researchers have noticed a slight de-
crease in efficiency due to increasing weed speed and this 
slight decrease can be neglected. 

2.3. Experiment Layout 

The measurement was done by exposure-profiling 
method and the collected dust particles were total sus-
pended particulate matter (TSP). The method measures 
the passage of airborne particulate matter immediately 
downwind from the source by simultaneous, multipoint 
sampling of particulate concentration over the effective 
cross section of the dust cloud. The statistics of wind 
direction for the year 2001-2010 in Aitik show the wind 
was dominantly from west (Figure 3). Therefore, the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

BSNEs were installed along the downwind dam section 
(dam A-B in Figure 4). Due to the limited number of 
samplers, the measurement was done for only half length 
of dam A-B and the dust generation for other half dam 
was assumed to be the same as the measured values.   
  To measure the horizontal variation of dust concentra-
tion, five BSNEs (sampler a, b, c, d, e) were installed at 
the height of 1.5m along dam A-B from the middle to the 
end dam A-B (Figure 4). The distances between BSNEs 
were 103m, 115m, 350m, and 500m. At the same loca-
tion of the middle BSNE, two more BSNEs (sampler f 
and g) were installed at the height of 2.5m and 3,5 m  to 
measure the vertical variation of dust concentration. The 
collectors were faced into the tailings dam perpendicular 
to dam A-B, and the wind from NW-W was required to 
drive the dust into the collectors. It was assumed to be 
none dust collection when wind direction was beyond 45 
degrees to the both sides of NW-W direction. A weather 
station was installed as well to monitor the wind direc-
tion and speed. The measurement was done for the peri-
od of 2013-10-12 to 2013-10-29. 
  
 

2.4. Single-event Wind Erosion Evaluation 
Program (SWEEP) 

SWEEP is a process-based computer model coupled with 
a simple graphical user interface that simulates wind ero-
sion for a single day storm event.  The model estimates 
threshold friction velocity and starts the simulation of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 Wind rose in Gällivare 2001-2010 [23] 

 

Da
m

A-
B

Weather
station

BSNE

b

c

d

e

a,f,g

 
Figure 4 Experiment layout 
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wind erosion when friction velocity exceeds the thresh-
old. Friction velocity is calculated from log-law wind 
speed velocity and aerodynamic roughness. Aerodynamic 
roughness depends on oriented roughness, random 
roughness, and leaf and stem area. Threshold friction in 
SWEEP is defined as the velocity at which numerous 
aggregates begin to saltate [21]. It depends on soil ag-
gregate, aggregate density, crust cover, loss material on 
crust, surface roughness, bio mass, soil moisture content 
and soil wilting point water content. All the input param-
eters are classified to field dimension, crop parameters, 
soil parameters, and weather factors. Since the tailings 
dam is a mining waste impoundment, crop parameters do 
not need to be considered in the modeling.  Table1 lists 
the input parameters for SWEEP model, and the Aitik 
tailings dam was assumed to be a 2*6 km2 rectangular 
field. The simulation was done for the selected dates 
shown in table 1, and those days were the days with re-
quired wind directions monitored by the weather station. 
 

Tailings samples were taken for particle size analysis, 
bulk density and moisture content measurement. 

3. Results and discussion 

3.1. Simulated material loss  

SWEEP was used to simulate the wind erosion for five 
dates when the recoded wind was in the required direc-
tions. Table 2 shows the simulated material loss from the 
Aitik dam for the five simulated dates. Under natural 
conditions soil motion during wind erosion was classi-
fied into three categories, namely creeping, saltation and 
suspension [24]. Chepil [25] gave the division of grain 
size for the three categories. Creeping particles, ranging 
between 0.5-2mm, are the largest movable surface soil 
and rolling across the surface by wind forces. Medium 
sized particles of 0.1-0.5 mm in diameter are saltating or 
jumping across the surface. Finer grains smaller than  

Table 1 Parameters for SWEEP modeling  
Parameters Date 

14102013 15102013 19102013 20102013 21102013 

Soil      

Bulk density (mg/m-3) 1.77 1.77 1.73 1.73 1.73 

Sand fraction(0.05-2.0mm, mg/mg) 0.41 0.41 0.41 0.41 0.41 

Very fine sand fraction (0.05-0.1mm, mg/mg) 0.26 0.26 0.26 0.26 0.26 

Silt fraction (0.002-0.05, mg/mg) 0.37 0.37 0.37 0.37 0.37 

Clay fraction(<0.002mm, mg/mg) 0.04 0.04 0.04 0.04 0.04 

Rock volume fraction (m3/m3) 0 0 0 0 0 

Average aggregate density (mg/m3) 2.0 2.0 2.0 2.0 2.0 

Average dry aggregate stability [In(J/kg)] 1.42 1.42 1.42 1.42 1.42 

GMD of aggregate size (mm) 1 1 1 1 1 

GSD of aggregate size (mm/mm) 10.39 10.39 10.39 10.39 10.39 

Minimum aggregate size (mm) 0.01 0.01 0.01 0.01 0.01 

Maximum aggregate size (mm) 11.33 11.33 11.33 11.33 11.33 

Surface water content (mg/mg) 0.19 0.19 0.16 0.16 0.16 

Weather      

Wind direction NW-W NW-W NW-W NW-W NW-W 

Temperature ( C) 3.14 0.66 -5.85 -3.46 -4.98 

Anemometer height (m) 2 2 2 2 2 

Average wind speed (m/s)  4.34 6.94 3.01 5.81 3.75 
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0.1mm are subjected to long time suspension in the air. 
In the simulated result (table 2) SWEEP estimated 
material loss for saltation and creep loss, suspension loss, 
and PM10 loss. Saltation and creep particles are typically 
deposited locally, whereas suspended particles can be 
lifted into air and carried great distances. Suspended 
grains can thus be detrimental for off-site air quality and 
PM10, even is a small fraction  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
of suspended particles, can, however, pose a respiratory 
hazard to human health in particular. The total material 
loss, saltation and creep loss, suspension loss, and PM10 
loss were 4.4941kg/m2, 0.042 kg/m2, 4.4559 kg/m2, 
0.264057 kg/m2 respectively.  
  Figure 5 shows downwind discharges of material loss 
for 2013-10-14 and  the  downwind discharges for the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5 Material loss from the Aitik dam 

Table 2 SWEEP simulated material loss from the Aitik dam.  
 Date Total loss 

for 5 days 
14102013 15102013 19102013 20102013 21102013 

Total soil loss, kg/m2 0.5086 1.6116 0.4178 1.2825 0.6736 4.4941 

Saltation and Creep loss, kg/m2 0.0043 0.0161 0.0034 0.0124 0.0058 0.042 

Suspension loss, kg/m2 0.5043 1.5995 0.4143 1.2701 0.6677 4.4559 

PM10 loss, kg/m2 0.02767 0.099261 0.022431 0.077249 0.037446 0.264057 
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other days had similar patterns. The typical behavior of 
downwind discharge of a wind eroded field is that the 
suspension keeps increasing with downwind distance, 
even though saltation and creep reach a maximum 
capacity at a certain downwind point. This is because 
under a certain wind speed, there is a maximum capacity 
for saltation and creep fraction that uses up all the wind 
force under the wind speed. Whereas suspended particles 
are released by impacts of the jumping and rolling 
saltation and creeping grains and as long as downwind 
fine sized particles are not depleted completely the 
suspension continues increasing. As can be seen from 
Figure 5, saltation and creep loss reached the maximum 
capacity approximately at 800 m downwind the upwind 
edge of the tailings dam. Since suspension is released by 
the impacting of saltation and creeping particles, to 
control the dust generation wind breaks could be 
suggested to be installed at this distance to reduce the 
saltation and creep and it would in turn reduce the 
suspended emission. Figure 6 shows the simulated loss, 
wind speed and moisture content for the simulated days. 

 

Since the moisture content was nearly constant, the dust 
generation was mainling affected by wind speeds and the 
higher the speed was the more dust generated.  

3.2. Measured material loss 

The BSNEs were continuously collecting dust particle 
during the period 2013-10-12 to 2013-10-29. Wind was 
the driving force for the collectors to receive dust 
particles. The collectors were facing to the NW-W 
direction. Thus, the wind from NW-W was the required 
diving force for dust collection. In this test, BSNEs were 
assumed not to collect dust when wind was beyond 45 
degrees to both sides of NW-W direction. The weather 
station monitored the following dates with required wind 
directions: 2013-10-14, 2013-10-15, 2013-10-19, 
2013-10-20, and 2013-10-21. BSNEs were not collecting 
any dust for the other days because of unfavorable wind 
directions. BSNE collected the suspended particulate 
matter. Figure 7 shows the particle size distribution of 
the collected dust particles. The majority was below the 
size of 0.1mm and the dust particles were slightly finer 
than the tailings particles. Figure 8 shows the mass of 
dust particles collected in BSNEs. It indicates that the 
dust mass was relatively high in the middle of the dam 
edge and diminished with height and to the end of the 
edge. Therefore, approximately the cross section of the 
dust cloud had a height of 4m and the width close to the 
length of dam A-B. The total dust generated for the five 
days was calculated by integrating dust masses over the 
cross section of the dust cloud. Since the number of 
installed collector was limited some assumptions were 
needed in order to carry out the integration. The 
assumptions were that 1) dust masses for the other half 
length of the dam was the same as the dust masses for 
the measured half dam; 2) horizontal variations of the 
dust mass had the same pattern at different heights; 3) 
vertical variation of the dust mass had the same pattern at 
different distances. The value was then corrected with 
sampler efficiency and the sub-variation of wind 
directions during the five days. The total suspended loss 
from the Aitik dam for the five days was 2300812.5 kg, 
which divided by the area of the tailings of the dam of 12 
km2 resulted in 0.475kg/m2.  
  The value had a big difference with simulated total 
suspended loss for the five days (4.4559 kg/m2 in table 
2). Even though WEPS model has been evaluated in 
cropland [11], the model has never been evaluated for 
fields other than agriculture land. Many reasons 
contributed to the disagreement of simulated value and 
measured value in this study. The measurement of wind  Figure 6 Smulated materil loss, wind speed and moisture 

content. 
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erosion of a vacant area by exposure-profiling method 
requires enough number of collectors to cover the cross 
section of dust cloud. However, in this study the number 
of the collector was very limited and only small area of 
the cross section was sampled. A lot of assumptions had 
to be done to calculate the total suspended loss and this 
could result in tremendous inaccuracy. Also a 
considerable amount of sample might have lost since the 

machinery works interrupted the measurement and 
destroyed some of the collectors during the measuring. In 
addition, although in the SWEEP model the input 
parameters are important to estimate the erosion losses, 
the internal empirical coefficients and equations may 
affect the simulation resulting in an overestimation or 
underestimation result. In order to use the model for 
mining industry more tests are needed to validate the 
modeling result and calibration methods could be useful 
in adjusting the internal coefficients and empirical 
equations. 

4. Conclusions 

SWEEP is a process-based computer model which 
simulates single wind erosion event and estimates the 
material loss in three categories. Each category has 
specific effects. Saltation and creep particles are 
deposited locally and don’t impact the far-off areas. 
Suspended particles, which are carried for a long 
distance can be detrimental for off-site air quality and 
PM10, even is a small fraction of suspended particles, 
can however pose a respiratory hazard to human health 
in particular. This study simulated the material loss from 
the Aitik tailings dam using SWEEP model for the 
following dates: 2013-10-14, 2013-10-15, 2013-10-19, 
2013-10-20, and 2013-10-21. The total material loss, 
saltation and creep loss, suspension loss, and PM10 loss 
were 4.4941kg/m2, 0.042 kg/m2, 4.4559 kg/m2, 0.264057 
kg/m2 respectively. During the simulation saltation and 
creep loss reached the maximum capacity approximately 
at 800 m downwind the upwind edge of tailings dam. 
Since suspension is released by the impacting of saltation 
and creeping particles, to control the dust generation 
wind breaks could be suggested to be installed at this 
distance to reduce the saltation and creep and it would in 
turn reduce the suspended emission. The measured total 
suspended material for five days by exposure profiling 
method was 0.475kg/m2, which had a big difference with 
simulate value of 4.4559 kg/m2. Many reasons 
contributed to the disagreement of simulated value and 
measured value in this study. The measurement of wind 
erosion of a vacant area by exposure profiling method 
requires enough number of collectors to cover the cross 
section of dust cloud. However, in this study the number 
of the collector was very limited and only small area of 
the cross section was sampled. A lot of assumptions had 
to be done to calculate the total suspended loss and this 
could result in tremendous inaccuracy. Also a 
considerable amount of sample might have lost since the 
machinery works interrupted the measurement and 
destroyed some of the collector during the measuring. In 

 

Figure 7 Particle size distribution of dust samples and tail-
ings particles. 

 

 
Figure 8 Collected dust mass in BSNEs, up: horizontal 
BSNEs a, b,c, d, e, and the distances between them were
103m, 115m, 350m, and 500m; down: vertical BSNEs a, f, g, 
and the heights above the ground were 1.5m, 2.5m and 
3.5m.
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addition, although in the SWEEP model the input 
parameters are important to estimate the erosion losses, 
the internal empirical coefficients and equations may 
affect the simulation resulting in an overestimation or 
underestimation result. In order to use the model for 
mining industry more tests are needed to validate the 
modeling result and calibration methods could be useful 
in adjusting the internal coefficients and empirical 
equations. 
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ABSTRACT
Road construction is one example of heavy con- 
structions that may have a substantial tempora- 
ry impact on local air quality. Construction of Lu- 
leå Road during the summer of 2013 generated a 
great deal of dust emission. US EPA recommend- 
ed exposure-profiling method was used to mea- 
sure dust emission. Inexpensive BSNE dust sam- 
plers were used instead of high volume sam- 
plers. The objective was to give a general idea of 
the amount of dust generated due to the con- 
struction work. Dust generation related to wea- 
ther was discussed under conditions. Estimated 
threshold wind velocities for road surface mate- 
rials at the height of 2 m were 12.88 m/s, 12.88 m/s 
and 24.76 m/s which were measured wind 
velocities, indicating no dust generated from wind 
erosion. Dust masses for 7 sampling periods 
show dust generation had a close relation with 
moisture content of surface material. Wind speed, 
humidity had minor or no effect. The estimated 
dust emission rate in the construction work 
during the measuring period was 22.8  kg TSP/
d 6 kg/d was from construction work and 
16.8 kg/d was generated due to traffic on 
temporary roads.

Keywords: Dust Emission; Road Construction; 
Exposure-Profiling; BSNE

1. INTRODUCTION
The WRAP Dust Emission Joint Forum (DEJF) pre- 

sented a definition of dust. Dust is defined as “particulate 
matter (PM) which is or can be suspended into the atmo- 
sphere by mechanical, explosive, or windblown suspen- 

sion of geologic, organic, synthetic, or dissolved solids, 
and does not include non-geologic particulate matter 
emitted directly by an internal and external combustion 
process” [1]. Road construction is one example of heavy 
constructions that may have a substantial temporary im- 
pact on local air quality. During a heavy construction, 
dust emissions are released into the air by several activi- 
ties: equipment movement on unpaved surfaces, cut and 
fill operations, excavation activities, crushing, land clear- 
ing, wind erosion of soil exposed by construction activi- 
ties, etc. Dust emission from construction differs from 
other dust sources because of the temporary nature of the 
construction period. Dust emissions from any single con- 
struction site have a definable beginning and ending, and 
vary substantially over different phase  of the construc- 
tion process [2]. The quantity of dust emissions from con- 
struction operations is proportionally influenced by the 
area of land being worked and to the level of construc- 
tion activity. Emissions from heavy construction opera- 
tions are positively correlated to the silt content of the 
soil (that is, particles smaller than 75 micrometers [ m] 
in diameter), as well as with the speed and weight of the 
average vehicle, and are negatively correlated to the soil 
moisture content.  

Estimation and quanti  of dust emission are 
important and help environmental decision makers 
to permit a new heavy construction work. In Sweden, 
most of the studies and regulations regarding particulate 
pollution are emissions from internal and external 
combustions and fine particulate matters (PM) [3-5]. 
Suspended particulate matters from construction work 
have a substantial visible adverse effect on the air 
quality during the ongoing construction activities. It 
causes reduced air visibility and health problems, and 
thus has to be quantified so that it could be used as one 
of the foundations of environmental assessment. Some 
works have been done in Sweden regarding road dust 
suppressants [6], road sources and pro
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pact on air quality due to construction dust [4]. Studies 
have rarely been focused on quantification of dust 
generation from sources due to difficulties on defining a 
dust cloud and many uncontrollable affecting factors 
during construction works.  

Since 1972, US EPA has been publishing and improv- 
ing dust emission factors for various source categories by 
a number of filed measurements. An emission factor is a 
representative value that relates the quantity of a pol- 
lutant released into the atmosphere with the source activ- 
ity, and the amount of generated emission can be estima- 
ted by the emission factor. An approximate emission fac- 
tor for construction operations is 1.2 ton/acre/month of 
activity [2]. The value is based on the field measurement 
of total suspended particulate (TSP) concentrations, and 
is an overall estimation. Later, Midwest Research Insti- 
tute [8] proposed an equation to estimate dust emission 
from heavy construction in the following form: 

Emission 0.42tonsPM10 acre month M f d  (1) 

where: M = miles of new roadway construction 
f = miles to acre conversion factor 
d = duration of roadway construction 

Exposure-profiling method is one of the methods that 
US EPA has used to establish dust emission factors from 
heavy constructions [9]. The method is described in some 
literatures [10-12], and has also been used by other re- 
searchers [13-15]. The method measures the passage of 
airborne particulate matter immediately downwind from 
the source. The measurement is done by a simultaneous, 
multipoint sampling of particulate concentration over the 
effective cross section of the dust cloud. The ambient 
wind is the force to direct the dust cloud into the sam- 
pling array. The dust emission rate is obtained by a spa- 
tial integration of the distributed measurement of accu- 
mulated mass. In this study exposure-profiling method 
was used to estimate the dust amount generated from a 
phase of a road construction process. The threshold wind 
velocities for the road materials were estimated. Dust ge- 
neration was discussed relating to weather conditions. 

2. STUDY AREA
Lulea road is the entrance to the World Heritage in the 

church villiage, Vanhankaupunginlahti. The road crosses 
the railway near Lulea intermodal terminal and currently 
the passage is regulated with signals and barriers. The 
railway is busy and shunting movements from the inter- 
modal terminal charged junction further. This leads to ma- 
jor safety and mobility problems for road traffic through 
the area as well as being a barrier to rail transport devel- 
opment. For these reasons, started in January 2013 a road 
bridge has been under construction over the railway line 
for cars with separated pedestrian and bicycle path. The 
construction will end in September 2014 [10]. During 

June, July, August when the weather is warm and dry, 
dust emission is a major environmental problem. Figure 
1 shows a map of the construction. The dust measure- 
ment was done for the period of 2013-08-05 to 2013-09- 
13. During the measuring period, the road to the bridge
was under construction. 

3. MATERAILS AND METHODS
Desiccated sediments in any environment can produce 

dust. Transport of sediment by natural wind is governed 
by turbulence, coherent structures, aerodynamic rough- 
ness etc. This requires reliable measurement of both se- 
diment flux and wind velocity in the harsh environment 
of particle-laden flow. In this research, the BSNE sam-
pler [17] was used to measure horizontal sediment tran- 
sport at different heights. Meteorological conditions dur- 
ing the test period were also monitored. The method used 
for the measurement was the exposure-profiling method. 

3.1. Big Spring Number Eight Sampler 
Big spring number eight (BSNE) sampler was design- 

ed by Fryrear [17]. Because it is a passive sampler and 
requires no power supply, it is cheap and widely used in 
field experiments. By far it is the most popular passive 
sampler in aeolian research [18]. 

Figure 2 shows a picture and the design of BSNE 
sampler. The sampler is constructed of 28-gauge galva- 
nized metal, galvanized 18-mesh screen, and stainless 
steel 60-mesh screen. Dust-laden air enters through the 
opening, which has an area of 20 × 50 mm2, and dis- 
charges through the 60-mesh screen. The air speed is 
slowed down inside the sampler because of enlarged 
space and it allows the dust to settle in the collection pan. 
The 18-mesh screen helps to reduce the breakdown of 
deposited material and loss of very fine particles by re- 
ducing the movement of collected material. A wind vane 
attached at the rear allows the opening to face into wind 
direction. 

Road to the bridge 

The bridge 

Figure 1. Map of the construction site [16]. 
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Figure 2. The BSNE sampler. Up: closed 
sampler. Down: opened sampler [18]. 

BSNE sampler is very robust and able to collect a 
large amount of sediments, up to tens of grams or more 
[18]. The flow speed near through the opening is only 
about 5% lower than that of undisturbed flow, and thus 
can be considered approximately isokinetic [19]. Effi- 
ciency of BSNE has been studied by [17], Stout and 
Fryrear [20], Shao et al. [19], Goossens and Offer [21], 
Goossens et al. [22], Sharrat et al. [23], Sharrat [24] and 
Goossens and Buck [18], for a wide range of wind veloc- 
ity and grain size. Most of them came into the similar 
conclusion. The efficiency of BSNE decreases with de- 
creasing particle size because fine grains easily follow 
the slight wind deflection at the sampler opening. An- 
other reason is fine particles are prone to escape from the 
meshes where the inflow gets out of the sampler. For 
coarse grains, the efficiency is rather high. Goosseens 
and Offer [21] measured the overall efficiency between 
86% - 96% for sand, and about 40% for 30 m particle. 
Goossens and Buck [18] used efficiency of 17.5% for 
PM10 which is the average of Sharrat et al.’s [23] meas- 
urement between 10% and 25%. In this research, the 
efficiencies which used to correct the measurement are: 
90% for particles > 30 m, 40% for particles between 30 

m and 10 m, and 17.5 for PM10. Also, researchers 
have noticed a slight decrease in efficiency due to in- 
creasing weed speed and this slight decrease can be ne- 
glected. 

3.2. Experiment Layout 
The measurement was done by exposure-profiling me- 

thod and the collected dust particles were TSP. The me- 
thod measures the passage of airborne particulate matter 
immediately downwind from the source by simultaneous, 
multipoint sampling of particulate concentration over the 
effective cross section of the dust cloud. The construction 
work on the road to the bridge was considered as the 
source of dust emission during the measurement period 
2013-08-05 to 2013-09-13 (see the measuring area in 
Figures 3 and 4). The measurement only measured dust 
from construction work, and did not include dust gener- 
ated due to traffic travelling on temporary roads. The 
construction work was divided into three phases during 
the measurement period. In phase 1, the road surface had 
the finest surface material (layer 1 in Table 1). In phase 2 
and 3, the road was layered with coarser and coarser ma-
terials (layers 2 & 3 in Table 1). BSNEs were placed 
directly downwind of the source. The samplers should be 
installed vertically at different heights, as well as hori- 
zontally at different distances in order to effectively co- 
ver the cross section of the dust cloud. Five BSNEs were 
placed at the height of 0.5 meters above of ground sur-
face linearly over the width of the dust cloud. The 
BSNEs were marked with a, b, c, g, and h. Due to the 
limitation on the number of samplers only the BSNE in 
the middle of the 5 BSNE  (which is sampler c) was in- 
stalled with 3 more BSNEs above with heights of 1.25 m, 
2 m, and 2.75 m, and they were marked with d, e and f. 
During the period of 2013-08-05 to 2013-08-12 the sam- 
plers were placed Southwest-West to the source, and thus 
wind from Northeast-East was demanded to direct the 
dust into the collectors. The distance between the sam- 
pler a, b, c, g, and h were 11 m, 9.4 m, 14.6 m, and 7.9 m 
(Figure 3). For some reasons that installation of the 
samplers was in conflict with the construction works, 
during the period of 2013-08-19 to 2013-09-13 the sam- 
plers had to be moved to South-Southeast to the source, 
and therefore the wind from North-Northwest was re- 
quired to direct the dust into the collectors. The distance 
between the sampler a, b, c, g, and h were 18.7 m, 32 m, 
20.5 m, and 29.10 m (Figure 4). A weather station was 
also installed at the height of 2 m to monitor the weather 
condition. It was assumed that the collectors had zero 
collections when the wind direction was biased more 
than 45 degrees to the both sides of the demanded wind 
direction. Wind erosion of the road surface material was 
disregarded, and dust generation was only due to me- 
chanical force of construction works. Table 1 shows the 
dust sampling dates and the corresponding road surface 
layers. The road surface materials were also sampled for 
particle size analysis and moisture content. Since the 
experiment measured the dust emission from the same 
sources the collected data should be comparable no mat- 
ter the collector were at Southwest-West to the source 
(Figure 3) or South-Southeast to the source (Figure 4). 
Important thing is that different wind directions were re- 
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Figure 3. Mesaurement for the period 2013-08-05 to 2013-08-12. 
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Figure 4. Measurement for the period of 20130819 to 20130913. 

quired to direct the dust into the collectors. 

4. RESULTS AND DISCUSSION
4.1. Texture and Threshold Velocity of the 

Road Material 
During the measurement period, the road to the bridge 

was filled by layers with different materials. Table 2 
shows the particle sizing of the layer materials. From 
layer 1 to layer , the material became coarser. The thre- 
shold friction velocities for wind erosion of three layer 
materials were estimated by sieving method [25,26]. 

Threshold wind velocities at the height of 2 m were cal- 
culated by a logarithmic distribution of wind speed pro- 
file above the surface [25]. In addition to particle size, 
threshold velocity for wind erosion to take place depends 
on several other soil conditions including cloudiness, 
mechanical stability of clouds, and formation of surface 
crust, bulk density, and moisture content [27]. Therefore 
the actual threshold wind velocities should be higher 
than the estimated ones in Table 2. Figure 5 shows the 
wind velocity and gust velocity at the height of 2 m dur- 
ing the measurement period. Gust is defined as short 
bursts of high speed wind and when talking about wind 
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Table 1. Sampling duration, road surface and location of samplers. 

Sampling duration Road surface Location of the samplers Sampler distances and heights 

2013-08-05 to 2013-08-09 

2013-08-12 

Layer 1 As in Figure 3 Distances between a, b, c, g, and 
h were 11 m, 9.4 m, 14.6 m, and 
7.9 m 
Heights of c, d, e, and f above 
ground surface were 0.5 m, 1.25 
m, 2 m, and 2.75 m 

2013-08-19 to 2013-08-21 

2013-08-22 to 2013-08-23 

2013-08-26 to 2013-08-30 

Layer 2 

2013-09-02 to 2013-09-06 

2013-09-09 to 2013-09-13 

Layer 3 

As in Figure 4 
Distances between a, b, c, g, and 
h were 18.7 m, 32 m, 20.5 m, and 
29.10 m 
Heights of c, d, e, and f above 
ground surface were 0.5 m, 1.25 
m, 2 m, and 2.75 m 

Table 2. Filling materials and threshold wind velocities. 

Layer Gravel and coarser, % Sand content, % Silt content*, % Threshold friction 
velocity, m/s 

Threshold wind velocity at 2 
meters , m/s 

1 0.13 0.7 0.17 0.43 12.88
2 0.13 0.81 0.07 0.43 12.88
3 0.78 0.2 0.02 1 24.76

*the definition of silt content is defined by US EPA as mass of particles less than 74 m in diameter [28], but here 64 m was used. 

Figure 5. Wind velocity for the measuring period. 

erosion, gust velocity should be considered. During the 
measurement period neither wind velocity nor gust velo- 
city was higher than the threshold wind velocit  for the 
3 layer materials. This confirmed the assumption that 
the dust emission from the road construction was only 
generated by mechanical forces rather than wind erosion.  

4.2. Influenced of Weather on Dust Emission 
The dust masses collected from all sampling points 

were plotted in Figure 6. The dust masses were calcu- 
lated as unit mg/m2/s. The opening of BSNE sampler is 
20 × 50 mm2. According to the assumption that no wind 
erosion of road material was happening and the collector 
had no collection when the wind direction was biased 
more than 45 degrees to the both sides of the demanded 
wind direction, the measuring period excluded the week- 
end and non-working hours, as well as the time when the 
wind was beyond the required direction. The purpose of 
exposure-profiling method is to measure the dust mass 

variation over the cross section of the dust cloud to find 
out the boundary of the cross section when dust mass is 
close to zero so that the integration can be done over the 
cross section. It was expected that horizontally the dust 
mass should have a maximum value in middle sampling 
point and decrease  to both sides to zero when reach 
to the boundary of the dust cloud. Vertically dust mass 
was expected to have a maximum value at the lowest 
sampling point and decrease with height to the top of the 
dust cloud. However due to the limited number of 
sampling points, it was not easy to get the expected 
trend for all sampling periods (Figure 6). Dust masses 
from five sampling periods, which were 2013-08-05 to 
2013-08-09, 2013-08-12, 2013-08-19 to 2013-08-21, 
2013-08-26 to 2013-08-30, and 2013-09-02 to 
2013-0906, were in the expected trend. Integration 
could be done by simply assum  dust mass varies in 
the same pattern horizontally at different heights, and 
varies in the same pattern vertically over the width of 
dust cloud.  

Copyright © 2013 SciRes. OPEN ACCESS
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(a)   (b) 

(c)   (d) 

Figure 6. Dust mass for the sampling periods. a: dust mass for the sampling point a, b, c, g, h when the samplers were 
located as in Figure 3; b: dust mass for the sampling point c, d, e, f when the samplers were located as in Figure 3; c: 
dust mass for the sampling point a, b, c, g, h when the samplers were located as in Figure 4; d: dust mass for the sampling 
point c, d, e, f when the samplers were located as in Figure 4. 

For all seven sampling periods, average dust masses of 
all sampling points a, b, c, d, e, f, g and h were plotted on 
Figure 7(a). Figure 7(b), c and  shows the moisture 
content of the road layer materials, wind speed and out- 
door humidity for the sampling periods. The construction 
work was carried out 5 days a week from 6 am to 6 pm 
with a constant working load, therefore the effect of 
working scale is not considered for dust emission. Com- 
paring dust mass (Figure 7(a)) with material moisture 
content (Figure 7(b)), wind speed (Figure 7(c)), and 
outdoor humidity (Figure 7(d)), only moisture content of 
surface material had some relationship with dust mass 
and the others had no clear relation with dust mass. Dust 
generation can be influenced by several factors in a com- 
plicated and interactive way. Figure 7 indicated that 
moisture content of surface material had the closest rela- 
tion with dust generation, wind speed, and humidity had 
minor or no influences. Moisture in surface material is a 
result of the influence of rainfall, evaporation, humidity 
and so on. It is known that moisture content increases in- 
ter-particle binding forces and thus reduces dust emis- 
sion, and this is revealed by Figures 7(a) and (b) that 

when moisture content was low the dust mass was high. 
Wind force is an important factor concerning wind ero- 
sion, and wind speed must be over threshold velocity to 
initiate wind erosion of surface material. Since no wind 
erosion took place during the measuring period, the me- 
chanical forces initiated dust generation and wind was 
only the transport agency of dust particle. Therefore, 
wind velocity mainly affects the speed of the dust trans- 
portation rather than the mass of dust generated. Outdoor 
humidity is one of the factors that resulted in changes in 
moisture within the surface material. Figures 7(a) and (d) 
show a very weak relation between dust mass and hu- 
midity. The overall effect of weather factors to moisture 
content should be analyzed as a whole rather than con- 
sidering humidity separately. 

4.3. Integrated Dust Emission Rate 
Dust masses from the sampling periods, 2013-08-05 to 

2013-08-09, 2013-08-12, 2013-08-19 to 2013-08-21, 
2013-08-26 to 2013-08-30, and 2013-09-02 to 2013-09- 
06, were able to calculate the integrated 

Copyright © 2013 SciRes. OPEN ACCESS
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Figure 7. Average dust mass of all sampling points (a), moisture content (b), wind speed (c) , and outdoor humidity (d) 
versus sampling period. 

the estimated cross section of dust 
cloud by simply assuming dust mass varies in the same 
pattern horizontally at different heights, and varies in 

tically over the width of dust 
cloud. The integrated values corresponding to the 
sampling periods were 6.2 kg/d, 6.5 kg/d, 5.8 kg/d, 5.6 
kg/d and 5.6 kg/d. Therefore the av

Copyright © 2013 SciRes. OPEN ACCESS
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during the measuring period is estimated to be 6 kg 
TSP/d. This value doesn’t include the dust generated due 
to the traffic travelling on the temporary roads.  

Using Eq.1 with acre to mile conversion factor of 7.9 
[8], the length of the road to the bridge of 0.1 km, PM10 
amount was calculated to be 6.86 in a unit of kg/day. 
Based on sufficient field measurement, a typical ratio of 
0.3 for PM10/TSP has been used by US EPA [18, 25]. 
The amount of TSP generated by the source was 
estimated to be 22.87 kg/d. This value includes all dust 
generation from construction works and traffic travelling 
on temporary roads. Therefore the dust emission for the 
road construction during the measurement periods is es- 
timated to be 22.8  kg TSP/d and that is 6 kg TSP/d ge- 
nerated from construction works and 16.8  kg TSP/d 
from traffic travelling on temporary roads.  

5. CONCLUSIONS
The study measured the dust emission from a road 

construction in Luleå, Sweden. The measurement was 
done by US EPA recommended exposure-profiling me- 
thod using inexpensive BSNE dust samplers instead of 
high volume samplers. As estimated threshold wind ve- 
locities of surface materials were higher than measur  
wind velocit , dust emission was only from 
mechanical construction works rather than wind 
erosion of surface material. Dust masses from 7 
sampling periods indicated that dust emission was mainly 
influenced by moisture content of surface material which 
was a result of influences of several weather factors. 
Since no wind erosion happed, wind speed mainly 
affect  the speed of dust transportation rather than the 
amount of dust generated. ust masses  

 7 sampling periods were able to 
. A larger 

number of BSNE samplers  stron ly recommended to 
increase sampling point over the effective cross section 
of the dust cloud

. The estimated dust emission rate for the 
construction work was 22.8  kg TSP/d 6 kg/d was 
from construction work and 16.8  kg/d was generated 
due to traffic on temporary roads. 
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Abstract 
The dust emission from unpaved roads, if not controlled, can cause enormous problems. 
Though a few real-world measurements of road dust have been done by automated 
samplers in Sweden, measurement by BSNE (Big Spring Number Eight) and the 
estimation of total dust generation from vehicle driving is rare. This study measured and 
analyzed dust emission by BSNE at two unpaved roads in Luleå, Sweden, at the 
driving speed of 20, 30, 40, and 50 km/h different heights. Even though US
EPA excluded vehicle speed as a parameter in estimating dust emission factors for 
unpaved roads, this study confirmed a strong dependence of dust emission on vehicle
speed. This is in agreement with several recent studies which concluded dust 
emission increases with driving speed exponentially or linearly, however the power law 
is the best description for the data from this study.
The comparison with estimated dust emission by US EPA’s equation showed the equation 
underestimates the dust emission more than 50 percent when vehicle speed and silt 
content is higher than 25.40km/h and 2.17 percent respectively. 
Earlier researchers have reported increased dust emission with increasing silt content and 
this is confirmed by this study.   
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1  Introduction 
Since early 1990s, the environmental impact of dust emission, transportation 
and deposition has become a major concern [1]. Unpaved road often contributes a
significant amount of atmospheric dust formed due to re-suspension of road material by 
trucks, and observed as a dust cloud behind the driving vehicle. Unpaved road 
accounts for 90 percent of road networks worldwide [2]. It was reported that in Sweden, 
20 percent of the 100,000 km national roads are gravel roads [3]. The length of the 
Swedish gravel roads are roughly estimated to be 300,000 km which corresponds to 75 
percent of the total roads network in Sweden [4]. The dust emissions can cause 
safety problems by reducing operator’s visibility, discomfort for road-users, and health
risks due to human exposures to heavy metals, metalloid, and mineral matter [5, 6]. 
In addition, gravel road without proper dust control can increase fuel costs; travelling 
time, riding discomfort, and vehicle wear [7].
The dust emission from an unpaved road consists of three parts: emissions in the form of 
exhaust or tailpipe emission, emissions from re-suspension of surface material due to 
truck travelling, and emissions due to wind erosion of road surface. In most developed 
countries, exhaust emissions are expected to decrease drastically because of legislation 
control. Generally wind erosion will not happen unless the wind speed is greater than 8m/
s at 2 meters height. Therefore, road dust is often referred to as re-suspension [8]. During 
vehicles travelling, the rolling wheels exert a force to the surface which pulverizes the 
roadbed material and eject particles with the shearing force as well as by the turbulent 
vehicle wakes [9]. Many researchers have studied the phenomenon of road dust re-
suspension and concluded that the dust emission rate primarily depends on the vehicle 
weight [10, 11, 12], silt content of the surface material [13, 11], the soil moisture content 
[14], and the vehicle speed [9, 15, 16]. However, in the later version of US EPA’s dust 
emission factor for unpaved road, the effect of vehicle speed was no longer included as an 
independent variable because the validation showed almost no additional predictive
accuracy with inclusion of vehicle speed [17]. To study the phenomenon of road dust 
generation and its influencing parameters, proper design for measurement of dust
emission is an important factor. Though the importance of road dust has been well 
recognized, there are not so many field measurements outside the United States. Real-
world measurements are usually very difficult because of different influencing factors. 
Mobile and stationary systems are two methods for measurements of road dust. Mobile 
system uses real-time monitors mounted in front and behind of the travelling vehicle in 
the well mixed wake to record dust concentration. Fitz et al. [18] used SCAMPER 
(System of Continuous Aerosol Monitoring of Particulate Emissions from Roadways) 
mobile platform to measure PM10 concentration. Kuhns et al. [19] developed TRAKER 
(Testing Re-entrained Aerosol Kinetic Emissions from Roads) system to measure road 
dust. In Sweden TRAKER system has been used to study the relationship among dust 
concentration, vehicle speed, and tyre types, to find hot spots of dust emission and to
exam the efficiency of dust control [20, 21, 22]. However, to estimate total dust emission 
and develop dust emission factor from a road, US EPA has recommended upwind and 
downwind measurement by high volume dust samplers [10], which is called herein above 
stationary system. Despite some advantages, both high volume samplers and real-time
monitors used in mobile systems are automated samplers and very costly. In some 
situations a large number of samplers are required. Instead of high volume dust
sampler, Goossens and Buck [23] tried to use BSNE (Big 
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which is much cheaper and can quantify dust emission by off-road
driving. concluded that BSNE behaves similar to several
automated samplers and may provide a reasonable alternative [1]. Though few
real-world measurements of road dust have been done by automated samplers
in Sweden, measurement by BSNE and the estimation of total dust generation from
vehicle driving is rare.

purpose of this research is to estimate total dust generation two unpaved
roads in Luleå, Sweden by using BSNE samplers. Dust generation related to the effect
of vehicle speed is to be evaluated at the first road. The measurements from the second
road shall be compared with that from first road to evaluate the effect of road surface
condition. The measured dust emission is to be compared with estimated value using US 
EPA’s equation.

2 Material and Methods 
The measurements were carried out on two unpaved roads in Lulea, Sweden. The first 
road is located in Hertsö area in the west  the city center of Lulea (Fig. 1). The road 
surface is natural soil with some boulders and there are vegetation covers along both sides 
of the road, which can hinder dust spreading (Fig. 2). The road leads to a picnic area, 
Hertsöträsket. The dust problem mainly takes place during weekends when people are 
free to drive to Hertsöträsket for picnics. The second road is at a construction site located 
in Björsby north  Luleå city center (Fig. 1). The road surface is composed of fine 
materials and no vegetation exists in the construction site (Fig. 3). The site is blocked and 
no cars are allowed to go through apart from those connected with construction activities. 
Dust is generated during large type excavator or other machine work  and spreads to the 
surrounding areas.  Both roads have no surface crust.

Figure 1: Location of the unpaved roads (Site1: Hertsö; Site2: Björsby) 
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a                                 b 
Figure 2: a: The unpaved road in Hertsö, b: The road surface

a                                 b 
Figure 3: a: The unpaved road in Björsby, b: The road surface 

The car used for dust generation is Ford Mondeo with an approximate weight of 1730 
kg and 4 wheels (Fig. 4). The car drove 15 runs for each of the following speeds: 
20km/ , 30km/h, 40km/h and 50km/h (Fig. 5). The measurements were undertaken 
using BSNE samplers [24]. BSNE sampler has a relative large inlet area of 10 cm2, and
its efficiency has been tested for various grain sizes [25, 26, 27]. For the first road, 
BSNE samplers were installed at the heights of 0.25m, 0.50m, 0.75m and 1.00m down 
wind direction of the road. Two sets of BSNE samplers were installed at the same side 
of the road in order to collect adequate dust quantity (Fig. 5). No samplers needed at the 
up wind direction of the road because the wind velocity was insufficient to activate 
wind erosion of surface material and the background dust was assumed to be 0. The
same setup was used for the other road, but the heights of the samplers were at 0.58m, 
0.83m, 1.08m and 1.33m, and the measurements were only undertaken for the 
driving speed of 20km/h. According observations during measurements, the height of 
the dust plume was always between 1m to 1.5m.

weather during the measurement was rather dry and sunny. Besides the BSNE 
samplers, two weather stations were installed at the height of 1m and 2m. The 
average wind velocity at the height of 1 m and 2 m were 2.40m/s and 3m/s which can 
not cause wind erosion. The wind direction was mostly from southwest. The
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done on the road sections which were perpendicular to the wind 
direction to ensure the largest amount of dust to be obtained in the samplers. 
Measurements on the two roads were done in the same day so that the weather factors 
were almost the same.

dust in the samplers was collected by a brush with a great care to avoid sample loss. 
All the samples were weighed in the lab by a balance with the precision of 0.0001g. The 
amount of the dust collected was too little to do size analysis. All particles are assumed to 
be below 60 m which corresponds to the maximum size of grain that can be transported
in short-term suspension under average wind speed and turbulence [28]. The samples of 
surface materials from the two roads were sent to the soil mechanics laboratory in Luleå 
University of Technology for moisture content and particle size analysis. Moisture 
content was measured by oven drying material at 105 C to constant weight. The 
difference of the weight before and after the drying process is the amount of the water 
existed in the sample.

Figure 4: The dust generation by vehicle traveling 

Figure 5: The experimental setup 
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3  Calculations and Results 
The amount of dust collected from BSNE samplers at the first road were plotted against 
the height for four driving speeds (Fig. 6). The results for the second road compared with 
the first road with the same driving speed of 20km/h are shown in Fig.7. All the figures 
show that the dust mass is highest at the lowest height and decreases with increasing 
height reaching zero at the top of the dust plume. It is reasonable to assume the zero dust 
mass at the ground surface level, which means the dust emission increasing sharply to the 
maximum value at a small height near the surface. However, it is difficult to pinpoint the 
height of the maximum dust mass by these tests. It could be only inferred that the 
maximum point is located between ground level and the height of the lowest 
measurement.  
The second road produced much more dust due to different road surface conditions 
(Fig.7). It is not easy to use vertical dust profile in Fig.6 to make the interpretation of 
relationship between dust production and driving speed. To visualize the relationship total 
dust production should be calculated. 

Figure 6: Vertical dust flux profile for road 1 for the driving speed of 20, 30, 40, and 50 
km/h. 

Figure 7: Vertical dust flux profile for road 1 and road 2 for the driving speed of 20 km/h 
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Usually, dust production in a vacant area is calculated by using mass per unit area and the 
total area. Since a road is a line source, a better option to calculate dust production is to 
use mass per unit length travelled and the travelling length. The dust emission per unit 
length is calculated by integrating dust mass along the height of the dust plume. First the 
amount of dust collected from different heights must be corrected for the efficiency of 
BSNE. Here the overall efficiency of 90% was used. The corrected dust mass was then 
divided by the inlet area of BSNE samplers (2*10 cm2) to calculate the dust amount per 
square meter at the four measuring heights. Integrating dust amount from the road surface 
to the top of the dust plume we can get the total dust produced ( g/cm) in every 
centimeter travelled by the car. The integrations were done with 4th order polynomials 
which fitted quite well with vertical dust profiles in Fig. 6. Figure 8 shows the calculated 
total dust production per centimeter travelled against driving speed for the first road and 
indicated a proportional relationship. Figure 9 shows a significant difference between the 
two roads in calculated total dust production per centimeter travelled. Besides the driving 
speed, surface condition of the road may also have an impact on dust production. 

Figure 8: Total dust emission per centimeter the car drove at the speed of 20, 30, 40, and 
50km/h for the road 1 

Figure 9: Total dust emission per centimeter the car drove at the speed of 20 km/h for the 
road 1 and road 2. 
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Soil texture and the moisture content of the surface materials from the two roads are 
tabulated in Table 1. The second road has higher amount of fine grains with size below 
63 m than that of the first road. Soil texture is the most important soil factor influencing 
dust production. With more fine fraction existing the more dust can be generated. The 
second road contains a bit more rock content compared with that of the first one. his
could increase the abrasion between the tire and the road surface which results in 
additional dust production.  Both surface samples showed very low moisture content, 
and no surface crust observed at the sites. Vegetation covers are present along the two 
sides of the first road, which would reduce dust spreading rather than dust production. 
The second road has no vegetation protection at all and the dust could spread to the 
surrounding areas.  

Table 1: Soil texture and surface characteristics of the road surface 
Sample
location

Soil texture
%

Rock 
content 
in upper
15mm

>2mm, %

Moisture 
content

%

Surface 
crust

Vegetation

<63
m

63-
125 

m

125-
250 

m

250-
500 

m

500-
1000

m

1000-
2000 

m

Presence

Site 1 1.89 11.72 12.44 13.15 14.34 18.34 28.13 0.24 No
Along both 
sides of the 

road

Site 2 7.57 12.49 16.10 10.73 8.90 9.75 34.44 0.39 No None

4  Discussion 
4.1 Effect of Vehicle Speed 
The linear dependence of dust emission on vehicle speed seems to be a better fit for the 
result from the experiment for the first road in current study than exponential dependence 
(Fig. 10). The R2 value of linear relationship is 10 percent higher than that of exponential 
relationship. R2 value is increased by 2 percent when the data was fitted with a power law. 
Based on R2 value in Fig.10 the relationship between dust emission and vehicle speed is 
best described by a power law for the road in Hertsö area (road 1, R2=0.92), though the 
linear dependence showed just slight lower performance (R2=0.9). It should be mentioned 
however that US EPA [17] excluded vehicle speed as a parameter in estimating dust 
emission factors for unpaved roads but other researchers confirmed this relationship [14, 
23, 29, 16, 20]. 
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Figure 10: Dust emission versus driving speed for road 1 and curve fitting 

4.2 Effect of Road Surface Material 
The moisture content and the soil texture of the surface material are important factors for 
road dust generation. Both roads in this study have low content of moisture in the surface 
material during measurement (Table 1). Silt content as a factor influencing dust 
generation has been confirmed by several studies [23, 10, 30], which showed an increased 
dust level with increasing silt content. To visualize the silt content as an influencing factor, 
more data points are required. Two data points from Goossens and Buck [23] were plotted 
together with the data from this study (Fig. 11). All the data were measured at the same 
driving speed of 20km/h. All the data were corrected for the vehicle weight before 
plotting. Figure 11 shows a linear relationship which is in consistenc  with earlier 
findings that dust generation increases with silt content. 

Figure 11: Dust emission versus silt content at the driving speed of 20km/h 
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4.3 Comparison with Calculated Dust Emission 
A dust emission factor represents the value relating the amount of dust released to the 
atmosphere with the activity associated with the dust generation [10]. The equation of 
dust emission factor for unpaved road for dry conditions has the following form [10]:  

EF=5.9k (s/12) (S/30) (W/3)0.7 (w/4)0.5 (1) 

Where: 
EF = the dust emission factor (pounds per vehicle-mile-traveled),  
k = the particle size multiplier (0.8 for PM30),  
s = the silt content of the road surface material (%),  
S = the mean vehicle speed (miles per hour), W is the mean vehicle weight (ton), 
w = the mean number of the wheels.  

The equation shows that the dust emission is linearly dependent both on vehicle speed and 
silt content.  This is in partial agreement with the results obtained in this study where the 
dust emission is in linear relationship with silt content, and in power relationship with 
vehicle speed. 
Fig. 12 and Fig.13 illustrates the measured and calculated dust emission using US EPA’s 
equation versus vehicle speed and silt content, respectively. Both figures show that the 
equation underestimates the dust production when vehicle speed and silt content increases, 
though they fit quite well at the low speed and silt content. The difference between 
measured values and calculated values increases with vehicle speed and silt content. The 
equation underestimates the dust emission more than 50 percent when the vehicle speed 
and silt content is higher than 25.40km/h and 2.17 percent respectively (Fig.12, Fig.13). 
Two reasons could explain the difference. Firstly, the equation 

intends to estimate the average dust emission over a long period [12], 
.

Secondly the equation is the estimation for particulate matter under 30 m, while the 
particles collected in present experiment 

Figure 12: Measured and estimated dust emission versus driving speed 
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Fig. 13: Measured and estimated dust emission versus silt content 

5 Conclusion 
The results indicated that there is a strong relationship between vehicle speed and dust 
emission. This is in agreement with several recent studies. Dust emission has been 
reported to increase with driving speed exponentially or linearly, however the power law 
is the best description for the data from this study. Earlier researchers have reported 
increased dust emission with increasing silt content and this is confirmed by this study. 
The comparison with estimated dust emission by US EPA’s equation showed the 
equation always underestimates the value. Two reasons could explain the difference. 
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ABSTRACT
Mining is a core industry in Sweden and plays 
an important role in the economic development 
throughout the country. Though the importance 
of mining dust has been well recognized, the 
quantification of dust production with regard to 
individual source activity has rarely been done 
in Sweden. Depending on the type of source ac- 
tivity, dust estimation method can be chosen 
from three alternatives: exposure profiling me- 
thods, back calculation method, and wind ero- 
sion prediction method.  paper  an 
example of 

 unpaved roads
The experiment concluded that dust emission 
due to vehicle transportation is strongly 
dependent on traveling speed and road bed 
material.

Keywords: Road Dust; Dust Measurement; BSNEs

1. INTRODUCTION
Mining is a core industry in Sweden and plays an im- 

portant role in the economic development throughout the 
country. Determination of dust emission from mining ac- 
tivities can give mine environmental engineers and ma- 
nager’s prior information on the likely impact of air qua- 
lity. Effective mitigate measures can be devised based 
upon the dust estimation. Though the importance of min- 
ing dust has been well recognized, there are not so many 
field measurements outside the United States. Real-world 
measurements are usually very difficult because of dif- 
ferent influencing factors. Some research has been done 
on road dust. Fitz et al. [1] used SCAMPER (System of 
Continuous Aerosol Monitoring of Particulate Emissions 
from Roadways) mobile platform to measure PM10 con- 
centration. Kuhns et al. [2] developed TRAKER (Testing 
Re-entrained Aerosol Kinetic Emissions from Roads) 

system to measure road dust. In Sweden TRAKER sys- 
tem has been used to study the relationship between dust 
concentration, vehicle speed, and tyre types, to find hot 
spots of dust emission, and to exam the efficiency of 
dust control [3-5]. In Malmberget mine and Aitik mine in 
Northern Sweden, some simple measurements have been 
done using dust deposition gauges and air quality moni- 
tor. These measurements give a general view of dust ge- 
neration over the entire mining site. However, quantifi- 
cation of total dust from individual source activity is some- 
what complicated. 

A proper designed dust estimation method for indi- 
vidual mining activity helps to define hot sources and 
predict the dust generation for planned new mines. De- 
pending on the type of source activity, dust estimation 
method can be chosen from three alternatives: exposure 
profiling methods, back calculation method [6], and wind 
erosion prediction method [7]. Exposure profiling me- 
thod is to measure the passage of airborne particulate 
matter immediately downwind from the source by simul- 
taneous multipoint sampling of particle concentration 
over the effective cross section of a dust plume. Dust ge- 
neration can be calculated by integration dust concentra- 
tion over the cross section of the dust plume. This me- 
thod can be applied  the source such as haul 
roads, crushers, stockpiles.  activities which take 
place in big , the cross section  of the dust 
plume difficult to be defined.

ack calculation should be possible to estimation dust 
emission rate. This method measures the downwind dust 
concentration at a certain point. The emission rate from 
the source activity is obtained by back calculation 
using a generalized atmospheric dispersion model. Wind
erosion prediction method is 

f exposed vacant surfaces with no
application of mechanical works, e.g. tailings dams. 
The prediction system simulates the changes of the soil 
condition during the process of wind erosion based on 
the initial condition of soil and weather conditions, and 
thus estimates the amount of erod  material. Th  paper 
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 an example of experiment, which was  on 
two unpaved roads in Lulea, Sweden by using exposure
profiling method. The experiment concluded that dust 
emission due to vehicle transportation is strongly
dependent on traveling speed and road bed material. 
More dust can be emitted with increasing driving speed 
and silt content in road bed material. 

2. A CASE STUDY-DUST EMISSION
FROM UNPAVED ROADS IN LULEÅ,
SWEDEN

In this section, an example of dust measurement by
using exposure profiling methods is described. The mea- 
surements were done using BSNE samplers (Big Spring 
Number Eight) [8]  BSNE sampler has a relative 
large inlet area of 10 cm2, and its efficiency has been 
tested for various grain sizes [9-11]. 

2.1. Materials and Methods 
The measurements were carried out on two unpaved 

roads in Luleå Sweden. The first road is located in Her- 
tsö area in the west along the city center of Lulea (Fig-
ure 1). The road surface is natural soil with some boul- 
ders and there are vegetation covers along both sides of 
the road, which can hinder dust spreading (Figure 2). 
The second road is at a construction site located in Björs- 
by north of the Luleå city center (Figure 1). The road 
surface is composed of fine materials, and no vegetation 
exists at the construction site (Figure 3).

The car used for dust generation is Ford Mondeo with

Figure 1. Luleå. 

Figure 2. The unpaved road in Hertsö and the road surface. 

Figure 3. The unpaved road in Björsby and the road surface. 

an approximate weight of 1730 kg and 4 wheels (Figure 
4). The car drove 15 runs for each of the following 
speeds: 20 km/h, 30 km/h, 40 km/h and 50 km/h. For the 
first road, BSNE samplers were installed at the heights of 
0.25 m, 0.50 m, 0.75 m and 1.00 m down wind direction 

the road. Two sets of BSNE samplers were installed at 
the same side of the road in order to collect adequate dust 
quantity (Figure 5). No samplers needed at the up to wind 
direction on the road because the wind velocity was in- 
sufficient to activate wind erosion of surface material, 
and the background dust was assumed to be 0. The same 
setup was used for the other road, but the heights of the 
samplers were at 0.58 m, 0.83 m, 1.08 m and 1.33 m, and 
the measurements were only done for the driving speed 
of 20 km/h. According to the obeservation during the 
measuremt. The height of the dust plume was always 
between 1 m to 1.5 m. 

The weather during the measurement was rather dry 
and sunny. Besides the BSNE samplers, two weather sta- 
tions were installed at the height of 1 m and 2 m. The 
average wind velocity with the height of 1 m and 2 m 
were 2.40 m/s and 3 m/s which cannot cause wind ero- 
sion. The wind direction was mostly from southwest. The 
measurements were done on the road sections which 
were perpendicular  the wind direction to ensure the 
largest amount of dust to be obtained in the samplers. 
Measurements on the two roads were done on the same 
day so that the weather factors were almost the same. 

The dust in the samplers was collected by a brush with 
a great care to avoid sample loss. All the samples were 
weighed in the lab by a balance with the precision of 
0.0001 g. The amount of the dust collected was insuffi- 
cient for size analysis. All particles are assumed to be 
below 60 m which corresponds with the maximum size 
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Figure 4. The dust generation by vehicle traveling. 

Figure 5. The experimental setup. 

of grain that can be transported in short-trem suspension 
under average wind speed and turbulence [12]. The sam- 
ples of surface materials from the two roads were sent to 
the soil mechanics’ laboratory in Luleå University of Te- 
chnology for moisture content and particle size analysis. 
Moisture content was measured by oven drying material 
at 105 C to constant weight. The difference to the weight 
before and after the drying process is the amount of the 
water existed in the sample. 

2.2. Calculations and Discussions 
The amount of dust collected from BSNE samplers at the 
first road were plotted against the height for four driving 
speeds (Figure 6). The results for the second road com- 
pared with the first road with the same driving speed of 
20 km/h are shown in Figure 7. All the figures show that 
the dust mass is highest at the lowest height and de- 
creases with increasing height reaching zero at the top of 
the dust plume. It is reasonable to assume the zero dust 
mass to the ground surface level, which means the dust 
emission increasing sharply to the maximum value at a 

Figure 6. Vertical dust flux profile for road 1 for the driving 
speed of 20, 30, 40, and 50 km/h. 

Figure 7. Vertical dust flux profile for road 1 and road 2 for the 
driving speed of 20 km/h. 

small height of near the surface. However, it is difficult 
to pinpoint the height of the maximum dust mass by 
these tests. It could be only inferred that the maximum 
point is located between ground level and the height of 
the lowest measurement. 

The second road produced much more dust due to dif- 
ferent road surface conditions (Figure 7). It is not easy to 
use vertical dust profile in Figure 6 to make the inter- 
pretation of relationship between dust production and 
driving speed. To visualize the relationship  total 
dust production should be calculated. 

Usually, dust production in a vacant area is calculated 
by using mass per unit area and the total area. Since a 
road is a line source, a better option to calculate dust 
production is to use mass per unit length traveled and the 
traveling length. The dust emission per unit length is 
calculated by integrating dust mass along the height of 
the dust plume. First, the amount of dust collected from 
different heights must be corrected for the efficiency of 
BSNE. Here the overall efficiency of 90% is used. The 
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corrected dust mass is then divided by the inlet area of 
BSNE samplers (2 × 10 cm2) to calculate the dust amount 
per square meter at the four measuring heights. Integrat- 
ing the dust amount from the road surface  the top of 
the dust plume, we get the total dust produced ( g/cm) in 
every centimeter traveled by the car. The integrations 
were done with 4th order polynomials, which fitted quite 
well with vertical dust profiles in Figure 6. Figure 8

plot the calculated total dust production per 
centimeter travelled  driving speed for the first 
road and indicated a proportional relationship. Figure 9
shows a significant difference between the two roads in 
calculated total dust production per centimeter 
travelled

confirmed this relationship [3,14-16]. 
The moisture content and the soil texture of the sur- 

face material are important factors for road dust genera- 
tion. Both roads in this study ha  low content of mois- 
ture within the surface material during the measurement 
(Table 1). Silt content as a factor influencing dust gen- 
eration has been confirmed by several studies [6,12,17], 
which showed an increased dust level with increasing silt 
content. To visualize the silt content as an influencing 
factor, more data points are required. Two data points 
from [14] were plotted together with the data from this 
study (Figure 11). All the data were measured at the 
same driving speed of 20 km/h. All the data were cor- 
rected for the vehicle weight before plotting Figure 11

Soil texture and the moisture content of the surface 
materials from the two roads are tabulated in Table 1.
The second road has a higher amount of fine grains with 
size below 63 m than that of the first road. Soil texture 
is the most important soil factor influencing dust produc- 
tion. With finer fraction existing the more dust 
can be generated. The second road contains a bit more 
rock con  compared with that of the first one.  

his could increase the abrasion between the tire and 
the road surface which results in additional dust 
production. Both surface samples showed very low 
moisture content, and no surface crust observed in the 
sites. Vegetation covers  present along the two 
sides of the first road, which would reduce dust 
spreading rather than dust production. The second road 
ha  no vegetation protection at all, and the dust could 
spread to the surrounding areas. 

Figure 8. Total dust emission per centimeter the car drove 
within the speed of 20, 30, 40 and 50 km/h for the road 1. 

Figure 9. Total dust emission per centimeter the car drove 
within the speed of 20 km/h for the road 1 and road 2. 

The linear dependence of dust emission on vehicle 
speed seems to be a better fit for the result from the ex- 
periment for the first road in a current study than expo- 
nential dependence (Figure 10). The R2 value of linear 
relationship is 10 percent higher than that of exponential
relationship. R2 value is increased by 2 percent when the 
data was fitted with a power law. Based on R2 value in 
fig.10 the relationship between dust emission and vehicle 
speed is best described by a power law for the road in 
Hertsö area (road 1, R 2 = 0.92), though the linear de-
pendence showed just slight lower performance (R1

2 = 
0.9). It should be mentioned, however, that US EPA [13] 
excluded vehicle speed as a parameter in estimating dust 
emission factors for unpaved roads but other researchers 
Table 1. Soil texture. 

Soil texture % Sample  
location <63 m 63 - 125 m 125 - 250 m 250 - 500 m 500 - 1000 m 1000 - 2000 m

Rock content in upper 
15 mm > 2 mm, % 

Moisture
content %

Site 1 1.89 11.72 12.44 13.15 14.34 18.34 28.13 0.24 

Site 2 7.57 12.49 16.10 10.73 8.90 9.75 34.44 0.39 
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Figure 10. Dust emission versus driving speed for road1 and curve fitting. 

Figure 11. Dust emission versus silt content at the driving speed of 20 km/h. 

show  a linear relationship which is in consistence 
with earlier finding that dust generation increases 
with silt content.

The results from this experiment indicated that there is 
a strong relationship between vehicle speed and dust emis- 
sion. This is in agreement with several recent studies. 
Dust emission has been reported to increase with driving 
speed exponentially or linearly; however, the power law 
is the best description in the data from this study. Earlier 
researchers have reported increased dust emission with 
increasing silt content, and this is confirmed by this 
study. 

3. CONCLUSION
Exposure profiling methods, back calculation method, 

and wind erosion prediction method are three methods  
 mining . The 

 the methods depends upon the 
characteristics of the source activit .

from unpaved roads
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ABSTRACT 
Dust is produced when mining operations take place. The transportation and deposition of dust 
depend mainly on climatic factors, as well as land 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 a huge open pit and an industrial center. Both sites are surrounded 
by residential areas where people are suffering from dust problems. The collected dust from 26 
measuring stations during the period 2001 to 2010 has been analyzed using the surfer 9.0 program. 
Generally speaking the dust fallout in summer was higher than that in winter and the volumes 
decreased through time as a result of implemented dust control methods. Analysis of the data from 
August 2009 to August 2010 indentified two sources of dust generation. One was located close to the 
open pit, and the other near the current mining industrial center. Among all the measuring stations, the 
maximum and minimum values within the year were 1284 g/100m2/30d and 9 g/100m2/30d,
respectively. Dust production around the Malmberget mine was attributed to three reasons, namely, 
wind erosion of the exposed area close to the open pit, truck transportation on haul roads, and 
stockpiles. In addition to climatic factors, the variation of dust detected depended on mining activities 
and road construction. 

Keyword: Dust, Dust fallout, Malmberget mine, Wind erosion, Haul road, Stockpiles

1. Introduction

Wind erosion of soils is greatly contributing to the global dust and 20-50 % of that is 
derived from human-disturbed soils (Shao, 2008). 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). The wind erosion rate over human-distributed soils can be 
many times higher than that over natural soils. 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. 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. 



of erosiveness. 

The amount of dust generated largely 
depends on the activities exerted on the surface during mining. Both the type of the 
machinery working and the magnitude of the 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 the round
surface characteristics of the mining site due to variety of mining operations. Dust 
concentration is used to monitor the ambient air conditions of a mining site, and its value 
therefore has a close relationship with the mining operations. It is believed that vehicle haul 
road interaction is the most effective dust source among all the dust generation activities in 
mining area. 

The 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. Muleski and Cowherd (1987) estimated 70 
percent of total dust from surface coal mines was produced by trucks traveling on haul roads. 
Cowherd et al. (1979) estimated that about 50% of the total dust released during dumper 
traveling on unpaved roads and 25% for both loading and unloading. 

Jutze (1976) also estimated fugitive dust from mining operations, and although the values 
differ  confirm  that truck driving on haul roads is the most effective dust generation 
activity. Fugitive dust emissions from stockpile have brought many ecological and 
economical problems. Many authors have pointed out the possible effect of pile topography 
on the dust production pattern (Borges and Viegas, 1988; Wang et al., 1990; Badr and 
Harion, 2007). 

In this paper, the general variation of the dust levels from 2006 to 2010 in Malmberget 
mine in Sweden are analyzed, with more detailed analysis on the dust fallout during the year 
August 2009 to August 2010. The result showed the yearly and monthly variation and 
distribution of dust. The most effective sources of dust production have been pin-pointed and 
possible recommendations are presented. 

2. Materials and methods

Malmberg mine operated by Luossavaara-Kirunavaara 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 as shown in Fig.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 the ore minerals.



Fig.1. Location of Malmberget mine, Sweden 

depression was abandoned 
and then large-scale sub-level caving became the predominant mining technology at 
Malmberget.

The land surface features have been deformed due to the underground mining. The 
surface soil is prone to wind erosion in this bare area after mining. Those who are still living 
in Malmberg and the vicinity complain about elevated dust level due to mining activities. The 
movement of trucks from the industrial area to dump the debris into the pit (Fig. 2a) 
enhanced dust generation as shown in Fig.2b. 

(a) (b)
Fig.2. The open pit in Malmberget (From 

LKAB) (b) xcavator filling the pit 

However, due to some security reasons the filling of the pit was discontinued in March 
2009. The LKAB industrial center is located northeast  the open pit

and the main mining operation area includes a haul 



sedimentation reservoir for used 
process water as in Fig.3. There are residential areas located both around the open pit and 
nearby the LKAB industrial center.  

Fig.3. Main operation areas in Malmberget mine (from LKAB) 

Fig.4. Locations for Dust fallout measuring stations (red dots) in Malmberget mine 

The fallout collector produced by the Norwegian 
Institute for Air Research (NILU) as shown in Fig.5. 



.

Fig.5. NILU particulate fallout collectors (from NILU) 

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 on approximately 
monthly bases and reported as g/100m2/30day. The systematic data recording started since 
2001 but no meteorological monitoring was installed .

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

3. Results and Discussion

The general trend of variation of dust level on the mining site from 2001 to 2010 is shown
in Fig.6 and Fig.7. The yearly average (from August till July the year after) dust fallout is 
shown in Fig.6. The winter average and the summer average of dust fallout were also 
calculated and shown in the figure. April, May, June, July and August were considered as 
summer time and the rest of the months were considered as winter time. Generally speaking 
the amount of dust  fallout was decreasing with time because  of  some implemented dust 



Fig.6. Yearly average, winter average and summer average of dust fallout 

Fig.7. Monthly average of dust fallout during the year 2006 till 2010



monthly average of dust fallout from 2001 to 2009. The peak
value was 265g/100m2/30d appeared in May, 2007, and the lowest dust fallout was 
25g/100m2/30d in August, 2009. The general trend shows a distinct increase of dust fallout in 
April and May. Since mining activities  at a constant level, the change of the amount of
dust fallout should be attributed to the local weather conditions. 

Though, it is
very windy in April, the surfaces  still partly covered by snow. May is the most effective
month for dust production due to the fully exposed surfaces and the strong windy weather.  

The detail of the dust fallout during the year August 2009 to August 2010 analyzed
using surfer 9.0 program for the mining area as show contour map ig. 9. 

wo sources of dust generation
were identified. The first was the open 

Fig.8. Source A, Source B and cross section line 



Fig.9. Map of the test area and contour lines for dust fallout from August 2009 to August 
2010. (The contour lines were made according to those days when data were 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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Fig.10. Dust mass along the cross section passing through source A and source B 
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In order to visualize the change through the year, the variation of dust fallout along a 
cross section (the red line in Fig. 8) which passes through both source A and source B is 
presented in Fig. 10. 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 Fig. 4. 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. Dust generation from source A was attributed to wind erosion of the
exposed areas near the open pit. Source B was the LKAB industrial center where 

haul roads and  stockpiles were 
suspected as dust sources. However, the peak value in May 2010 was far beyond the limit of 
Fig. 10. 

If there was no drastic change in the weather condition at that time, it appears some 
special activities had taken place to produce the dramatic peak value on dust fallout. The two
source areas (A and B) more or less had the same dust fallout during August and September 
2009 as well as March and April 2010 (Black color in Fig. 10). Area A, however, had higher 
dust fallout values relative to area B during May and June 2010 (green color in Fig. 10). The 
reverse was true during November and December 2009 and January, February and July 2010 
(red color in Fig. 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. 

The remainder of the investigated months both sources were contributing more or less 
equivalent amounts of dust. Nevertheless the values were higher during March and April in 
2010 . The dust distribution curves along cross section AB generally 
indicate that the dust concentrations were high at the pit and industrial areas which confirms 
the result from Fig. 9. 

Total dust fallout on the entire area was calculated  shown in table 1. In addition to the 
two dust sources identified, the total mass was also calculated for the sub-areas 

around both sources. 

Fig. 11 outlines the sub-areas A B and C The tareas covered are 7.7km2, 6.5km2, 4.8km2

respectively. Total of investigation area is 51 km2. , for entire area, the 
highest total dust fallout of 60.1t/30d was recognized in May 2010 and the lowest value of 
17.8t/30d was noted in December 2009.The peak total dust fallout on Area A and Area B 
were 15.6t/30d in May 2010 and 11.8t/30d in March 2010, respectively. The value for Area C 
was comparatively low, and the highest and the lowest figure were 7.4t/30d in May 2010 and 
0.9t/30d in January 2010 respectively. The highest value in Area C appeared at the same time 
as the highest total dust fallout on the entire area took place, and source A was dominating in 
dust production at that time. The unit masses for each area are plotted in Fig. 12. The shifting 
significance of two sources is clearly visualized. A conclusion could be drawn that source B 
was in fact 



Fig.11. The area divided into three sub areas A-open pit, B-industrial center and C-residential 
area 

The Area C (marked yellowing in Fig. 12) showed  lower dust values compared to 
areas A and B because it is more distant from the mining activities. In May in 2010, however, 
the dust in Area C was higher than in Area B and less than  in Area A. This was 
probably because the wind was from northeast and with the dominating dust production in 
Area A, the dust plume traveled to Area C. The red bar represents the average dust fallout 
over the whole area.

Table 1: 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

t/30d g/100m2/30d t/30d g/100m2/30d t/30d g/100m2/30d t/30d g/100m2/30d
2009-08-24 3.3 43 1.8 28 1.7 36 18 35
2009-09-30 3 39 5 77 1.2 25 20.4 40
2009-11-10 4.3 56 7.7 119 1.7 34 31.3 61
2009-12-02 1.8 23 4.6 71 1.3 28 17.8 35
2010-01-12 4.3 56 9.4 144 0.9 18 31.1 61
2010-02-23 4.5 59 6.9 105 1.4 28 26.9 53
2010-03-22 9.7 126 11.8 182 3.2 67 50.9 100
2010-04-26 10.6 138 9.2 142 5.6 116 57.2 112
2010-05-24 15.6 203 8.2 126 7.4 152 60.1 118
2010-06-21 7 91 5.3 81 2.6 53 31.9 62
2010-07-26 4.4 57 9.1 139 1.8 37 30.8 60
2010-08-30 3 38 4.6 71 1.4 29 19 37



Fig.12. Dust fallout on area A, B, C and the entire area 

Dust generation from mining area depends on several factors, including the type of 
mining operations, characteristics of the surface material and meteorological factors. Dust 
from source A resulted from the filling of the open pit which also disturbed surface soil. 
However the filling of the pit was discontinued in March 2009, after which the dust was 
mainly caused by wind erosion of loose surface material around the pit. The dust  near 
source A were extremely high in May 2010 (Figures 9, 10, 12) around the open pit area. They 
were believed to be due to road construction at that time. The construction started in April 
and finished in July. To estimate the dust  due to road construction the overall 
average dust  during the period without construction was calculated. The difference 
between the average and the monthly  during the road construction period was 
attributed to this activity. Since the construction took place near the open pit, the calculation 
used the concentrations from Area A from table 1. Table 2 shows the dusts contributed due to 
the road work to  6.8, 11.8, 3.2, 0.6 t/30d. The dusts from source B were mainly 
attributed to the trucks traveling on haul roads and stockpiles (Fig. 3). The soil 
around the open pit contained little erodible material and belonged to the relatively low 
erodibility group (Jia , 2011).

Table 2: Net dust fallout on area A due to road construction 
Month Dust due to road construction activities

t/30d g/100m2/30d
2010-04 6.8 89.1
2010-05 11.8 154.1
2010-06 3.2 42.1
2010-07 0.6 8.1



On the other hand, the variation of dust level in the period other than April to July seems 
to be closely linked  climatic variables such as rainfall, wind speed and humidity. 
Meteorological data were gathered from Swedish Meteorological and Hydrological Institute 
(Fig. 13). During September 2009 the amount of dust was very similar to that in August 2009 
despite the fact that the wind velocity was higher in September. 

Fig.13. Dust fallout, wind velocity, humidity and precipitation during August 2009 to August 
2010

4. Conclusions

This paper has evaluated the dust fallout in the Malmberget area for the period of August 
2001 to August 2010. Data from 26 measuring stations have been analyzed with a help of 



surfer. Among all dust concentrations measured, from August 2009 to August 2010, the 
highest and lowest fallout values were 1284 g/100m2/30d and 9 g/100m2/30d respectively. 
By contouring the mass of dust fallout two sources for dust generation were recognized
one  the open pit, and the other  the current mining industrial center. The 
variation of dust mass along a cross section passing through the two sources showed that the 
relative significance of two sources on dust production was shifting with time. Dust 
production around the Malmberget mine  attributed to three reasons, namely, wind 
erosion of the exposed area close to the open pit, truck transportation on haul roads, and wind 
erosion of and material loading and unloading at stockpiles.  Since the mining activities were 
at a constant level, the variations of dust were mostly attributed to climate factors.  It is 
recommended that on-site weather measurements should be introduced and observations 
undertaken in combination with dust measurement in order to the relationships more 
accurately. Separate studies  special focus on wind erosion from an open area, haul road, 
and stockpiles are recommended.
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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 





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) 



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 



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) 



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 



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. 



Sample No. Bulk density Dry density Compact Moisture OC 
g/cm3 g/cm3 density content % 

g/cm3 % 
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 

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  

Sample Sand % Silt Clay OC EF  % 
No. 2000 m- % % % Measured Calculated Calculated 

50 m 50 m- <2 m value value by value by 
2 m eq(1) 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 



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 



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] 

Nonerodible 
fraction 

% 

Units 
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 

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

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

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

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

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

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

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

90  134 

75  86 

75  86 

60  56 

55  48 

50  38 

<20  0 

75  86 
caly loam 

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. 



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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Abstract 
A great amount of industrial wastes are produced in Sweden every year. In 2008 there 
were 97.9 million tons of wasted generated, among which 93 million tons industrial waste 
were produced. 64.1% of industrial wastes were deposited in the landfill sites. Dust 
generation is one of the most important problems associated with industrial waste and 
landfills. The particulate dust emissions come from the industrial waste may contain 
heavy metal and produce environmental problems and potential health risks. Active and 
passive samplers, deposition pans are common equipment to collect dust samples. 
Real-time monitors use laser diffraction to recording continuous dust concentration. Dust 
emission from Malmberget mine in Sweden was analyzed as a case study. Dust was 
collected by NILU deposit gauge from 26 stations. Generally speaking the amount of dust 
fallout was decreasing with time because of implemented dust control methods. During 
the period August 2009 to August 2010, among all the measuring stations through the 
year, the maximum and the minimum value were 1284 g/100m2/30d and 9 g/100m2/30d.
Two sources of dust generation were identified. The first was located close to the open 
pit, and the second near the current mining industrial center. The dust generation due to 

road construction was calculated. On the other hand dust generation was also closely 
related to weather conditions. 

Keywords: Depleted Uranium, Weapons of Gulf wars in Iraq, Radioactive waste,
Contaminated areas, Health consequences and Environmental problems. 

1 Introduction 
Sustainable waste disposal may be defined as the transfer of waste from society to nature. 
There are two routes for this disposal: direct dispersal or landfilling. The generation of 
waste is a consequence of human activity. Landfill sites have been the most common way 

1Lulea University of Technology, Luleå, Sweden.
2Lulea University of Technology, Luleå, Sweden.
3Lulea University of Technology, Luleå, Sweden. 
4Lulea University of Technology, Luleå, Sweden. 
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of eliminating urban solid waste, as well as public and mining wastes. Nevertheless, 
landfill sites are considered to be authentic biochemical reactors which introduce large 
quantities of pollutants into the environment such as dust gases, odors and soluble and 
insoluble substances. 

2  The History of Landfill in Sweden 
The history of the waste development in Sweden dates from later Swedish Bronze 
Age (from about 1000BC), the refuse dumps produced from boiling stones and hearths, 
mixed with other refuse (stone fragments, and other ash or food leftovers).Over the 
trading period in the Viking time, the waste generation had been increased, and the 
remains around the settlements in the trading cities grew massively. In the Middle Ages, 
the waste was mostly dumped anywhere, and it was looked upon as just a 
practical material handling problem, judging by how it was handled. Until the middle 
of the 19th century, when an industrial expansion began, Sweden started it’s sawmill 
industry changing from the mainly agricultural country. Waste works were built to 
solve the rapid increasing urbanization and concentration of material flows in the 
cities, and open burning and dumping in water were still common for waste treatment. 
In 1930s, the refuse chute was introduced; the waste reaches the ‘packaging age’. 
Waste management was adapting as well but to a limited extend. Landfills grew in 
size and numbers and new concern about waste an environmental interest
developed. From 1940s, it developed for a great step when the cover soil in landfill 
introduced. The soil cover was designed to reduce the disturbance of rats and 
unpleasant odors. Later the problems associated with landfill leaching began to 
attract attentions. Starting in the 1970s; landfill gas emissions had attracted attention, 
too. In recent years the focus had more and more turned to the processes inside the 
landfill and their dependency on the quality of the wastes, and in consequence, waste 
pre-treatment has become a focus of research and development.

the development of the modern society, the demand of management of the huge 
amount of the waste from the cities is of great concern for the influence on 
the environmental, and back to the human health. By the development of the mining 
industry in Sweden from 1900s, high content of heavy metal contaminated materials 
had been managed to fulfill the landfill requirement. Therefore, the landfill 
technology is significantly important in Sweden, due to its consequences on people and 
the environment [1].  

3 Landfill Emissions 
The perspective of landfill emissions as a problem had been fundamental for the 
development of landfill technology. The landfill site formation had become a serious 
public problem. The results of the research carried by Ritzkowski et al. [2] indicated that 
the emissions of pollutants, either solid or gaseous, produced in solid urban waste landfill 
sites, last approximately three decades or even centuries after the landfill site is closed. 
According to the filling materials, there are two types of landfill: organic materials from 
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urban areas and construction and tailings from civil engineering and mining industry [3, 
4].
Since the spreading of pollution with leachate had been seen as a main problem, the 
typical recipe during the last couple of decades had been to keep the waste dry and tightly 
encapsulated and therefore encapsulating techniques had been the subject of numerous 
studies. In the last decades more long-term solutions had been presented. As example that 
only waste that has been treated until it has the same properties as earth should be 
deposited. Why one would want to landfill earth and how such treatment would be 
possible without large emissions, and highly polluted treatment residuals may be justified 
questions in this context. Landfill gas had been thoroughly investigated while dust 
emission was practically left. The time perspective for landfill stabilization can vary 
between decades up to millennia; depending on the type of waste.

4 The Particulate Dust Emissions 
In mining industry, the source of particulate emissions is from vehicle travel on access 
roads, topsoil removal and daily cover activities, ongoing construction development, and 
wind erosion of exposed areas.  
Landfilling activities have the potential to produce fine and coarse particulates, the 
make-up of which will depend on the activities undertaken on-site and the types of waste 
being handled. Landfilling activities having the potential to generate particulates include:  
a. movement of waste on-and off-site,
b. handling storage and processing of waste,
c. plant traffic both on-and off-site,
d. plant used to burn landfill gas, including gas flare or engines,
e. dust generated from the surface of the landfill ,erosion.
Exposure to the dust particles that can enter the respiratory system is known to 
be associated with a range of adverse effects on health. The dust emissions generated in 
the formation and life of landfill sites because public disturbances as dust particles 
(smaller than 10 micro in size) penetrate into the organism, from which those 
smaller than 1 micron are retained in the pulmonary alveoli causing serious diseases. 
Dust from landfill sites can become airborne and move off site by a number of 
mechanisms. The amount of dust lifted from the surface of the landfill is dependent upon 
the speed of the wind, the condition of the surface and the size of the dust particles. 
Emissions of dust as a result of wind-blow can be significantly reduced if the surface is 
wet. If the dust generation has been marked as a problem, the operator should employ 
dust suppression methods such as surface wetting to avoid the effects of wind-blown. 
The distance travelled by dust emissions will depend on the particle size and on the wind 
speed and turbulence. Smaller dust particles will stay airborne for longer period of time 
and disperse over a wider area. Strong and turbulent winds will also keep larger particles 
airborne for longer period of time. The Data reported from quarries indicated that the 
coarser dust particles (> 30 m) are mainly deposited within 100 m of the source 
intermediate particle (10-30 m) between 250m and 500m, while fine 
particles(<10 m) can travel up to 1km. Ultrafine particles (<2.5 m) would be expected 
to travel considerably further[5].

permits for landfill sites require that dusts must be adequately 
controlled using, for example, dust suppression measures, so as not to have an  
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public health. Furthermore, monitoring for particulates is a 
requirement for the environmental permit. To ensure that there is minimal impact 
on the local population from nuisance dust issues; regulators should set a nuisance 
criterion level [6]. Particulates emitted from landfills may also contain metals such as 
arsenic, cadmium, choromium, cobalt, copper, lead and manganese. Especially for 
the mining industry, heavy metal in tailings landfill would give significant influences 
on the environment. It is highly recommended that some good techniques be developed 
to measure the heavy metal around landfill sites for monitoring the pollution condition 
around the landfill sites. 

5 Case Study-Dust Fallout in Malmberget Mine 
Malmberg mine operated by Luossavaara-Kirunavaara 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 [7]. Surface open pit 
mining method was firstly used to reach and exploit the ore minerals. A huge pit (figure 
2) was abandoned and then large-scale sublevel caving became the predominant mining
technology at Malmberget. 

Figure 1: Location of Malmberget mine, Sweden 
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The land surface features have been deformed due to the underground mining. The 
surface soil is prone to wind erosion in this bare area after mining. Those who are still 
living in Malmberget and the vicinity complain about elevated dust level due to mining 
activities. 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 LKAB industrial center is located northeast  the open 
pit, and the main mining operation area includes the open pit area, haul area with 
stockpile in use, product stockpile area and sedimentation reservoir for used process water 
(figure 2). There are residential areas located both around the open pit and nearby the 
LKAB industrial center. 

Figure 2: Main operation areas in Malmberget mine (from LKAB) 

26 measuring stations were installed in the mining site to evaluate the dust 
problem (figure 3). The dust was collected by a particulate fallout collector 
produced by the Norwegian Institute for Air Research (NILU) (figure 3). 
International Standardization Organization (ISO) has considered th 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 on 
approximately a monthly base and reported as g/100m2/30day. The systematic data 
recording started since 2001 but no meteorological monitoring was installed in relation 
to the dust fallout stations.

of the data was done using Surfer 9.0 program. This is a contouring and 
3D surface mapping program that runs under Microsoft Windows. It can quickly and 
easily convert data into many types of output including contour, 3D surface, 3D 
wire frame, vector, image, shaded relief, and post maps. 
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Figure 3: Locations for Dust fallout measuring stations (red dots) in Malmberget mine 

The general trend of variation of dust level on the mining site from 2001 to 2010 is shown 
in figure 4 which shows the yearly average (from August till July the year after) dust 
fallout. The winter average and the summer average of dust fallout were also calculated 
and shown in the figure. April, May, June, July and August were considered as summer 
time and the rest of the months were considered as winter time. Generally speaking the 
amount of dust fallout was decreasing with time because of some implemented dust 
control methods such as watering the stockpiles and the haul roads. The slight increase of 
dust fallout during the year 2009 and 2010 was due to a road construction near the open 
pit area. More dust was produced by mining activities during the summer than winter due 
to fact that the climate in the summer is usually very windy and dry and most surfaces are 
covered by snow during the winter. 
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Figure 4: Yearly average, winter average and summer average of dust fallout 

The detail of the dust fallout during the year August 2009 to August 2010 analyzed 
using surfer 9.0 program for the mining area is shown on a contour map figure 5. 
Generally the dust production was increased from August 2009 until May 2010 when it 
reached to the maximum value, and then decreased till August 2010. Two sources of 
dust generation were identified. The first was located close to the open pit, and the second 
near the current mining industrial center (figure 5). The relative significance of the 
two sources was changing with time though the industrial center 
acted as the dominate source for most of time due to the fact that the main mining 
operations are taking place in t area. The dust produced from the open pit 
was much higher in April, May, June and July 2010 than the rest of the months. This 
was due to a road construction near the open pit at that time. The net dust produced due 
to the road construction was calculated and is shown in table 1.

all the measuring stations through the year, the maximum and the minimum 
value were 1284 g/100m2/30d (station 35, May 2010, figure 3) and 9 g/100m2/30d
(station 22, December 2009, figure 3) respectively. Both stations were close to the open 
pit. Looking at the contour lines through the whole year, difference between maximum 
and minimum dust fallout was over one thousand. However during December 2009 and
February 2010 there was a slight decrease in dust fallout. 
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Figure 5: 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 those days when data were 

available, and the date is shown below each individual figure. The color scale is shown on 
the top to the right.) 

Table 1 Net dust fallout on area A due to road construction 
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On the other hand, the variation of dust level in the period other than April to July seems 
to be closely linked with climatic variables such as rainfall, wind speed and humidity. 
Meteorological data were gathered from Swedish Meteorological and Hydrological 
Institute (figure 6). During September 2009 the amount of dust was very similar to that in 
August 2009 despite the fact that the wind velocity was higher in September. This was 
due to the relatively higher rainfall in that month compared to the previous month. 
Though the wind velocity decreased in November the dust amount increased due to the 
lower precipitation and the higher humidity, the later increased particle weight and 
enhanced settlement. In December the dust emission was relatively low because of the 
decrease in mining activities due to the Christmas holidays. The increased dusts in 
January and February in 2010 were mainly due to relatively low rainfall. The combined 
effect of low precipitation and high wind speed further increased dust emission in March 
in 2010. In April, May, June and July in 2010 the high dust generation level was mainly 
caused by the work of road construction. Finally the dust generation in August in 2010 
went back to the similar level as it was in August in 2009 as the effect of road 
construction faded away. Those factors interact with each other and as a consequence one 
factor can be counter balanced by the other factors, and this leads to the complexity of 
understanding the dust problem. 

Figure 6: Dust fallout, wind velocity, humidity and precipitation during August 2009 to 
August 2010 
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