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 19.1. INTRODUCTION 
 
The natural atmosphere that we breathe contains not only gaseous constituents but also large 
numbers of liquid and solid particles. These are known by the generic name aerosols. They arise 
from a combination of natural and industrial sources including condensation, smokes, volcanic 
activity, soils and sands, and microflora. Most of the particles are small enough to be invisible to 
the naked eye. Dust is the term we use in reference to the solid particles. The physiologies of air-
breathing creatures have evolved to be able to deal efficiently with most of the aerosols that occur 
naturally. However, within closed industrial environments, concentrations of airborne particulates 
may reach levels that exceed the ability of the human respiratory system to expel them in a timely 
manner. In particular, mineral dusts are formed whenever rock is broken by impact, abrasion, 
crushing, cutting, grinding or explosives. The fragments that are formed are usually irregular in 
shape. The large total surface area of dust particles may render them more active physically, 
chemically and biologically than the parent material. This has an important bearing on the ability 
of certain dusts to produce lung diseases. 
 
Respiratory problems caused by dust are among the oldest of industrial ailments. The first 
legislation for mine dust appears to have been formulated in 1912 when the Union of South Africa 



The hazardous nature of dusts                                                       Malcolm J. McPherson 
 

                         19 -  2

introduced laws governing working conditions in the gold mines of the Witwatersrand. Other 
countries introduced similar legislation in the 1920's and '30's. However, those laws were 
concerned primarily with silicosis and required proof of employment in siliceous rock mining 
(Carver, 1975). The early legislation reflected medical opinion of the time, namely, that hardrock 
dust caused silicosis which led to tuberculosis and eventual death. At that time coal dust was not 
regarded as particularly harmful. However, the number of recognized cases of coal workers' 
pneumoconiosis (CWP) increased dramatically through the 1930's. The British Medical Research 
Council initiated an investigation into respirable disease within the anthracite workers of South 
Wales. In 1936, the need for protective legislation in the United States was acknowledged by a 
National Silicosis Conference. Both in Europe and the United States the hazards of coal dust 
were identified first in anthracite mines but by 1950 it was confirmed that workers in bituminous 
coal mines were also subject to coal workers' pneumoconiosis (known, also, in America as black 
lung). 
 
It took many years for a quantitative and definitive link to be established between the "dustiness" 
of mine atmospheres and respiratory disfunction. In retrospect, there were three reasons for this. 
First, it may take several years of exposure before the victim becomes aware of breathing 
impairment. Secondly, the lung reactions to dust are often similar to those of naturally occurring 
ailments and, thirdly, the commonly used measure of dust concentration was the number of 
particles in a unit volume of air. Correlations between dust concentration measured in this way 
and the incidence of pneumoconiosis were not clear. 
 
A turning point occurred in 1959 at the International Pneumoconiosis Conference held in 
Johannesburg, South Africa (Orenstein, 1959). Recommendations were made at that conference 
which resulted in a re-direction of pneumoconiosis studies, particularly with regard to the methods 
and strategies of dust sampling. It was recognized that those particles of equivalent diameter less 
than 5 x 10-6 m (5 microns) were the ones most likely to be retained within the lungs. These were 
named respirable dust. It was further established that the mass concentration of respirable dust in 
any given atmosphere was a much better measure of the potential health hazard than the earlier 
particle count methods. Instruments began to be developed that mimicked the dust retention 
selectivity of the human lung and, furthermore, could be used continuously to give the integrated 
effect over an 8 hour period. 
 
In this chapter we shall concentrate on the effects of mineralogical dusts on the human 
respiratory system and the techniques that are now employed for the sampling and measurement 
of airborne dust. 
 
 
19.2. CLASSIFICATIONS OF DUST 
 
There are a number of ways to classify aerosol particles depending upon the purpose of any 
given study. Two such classifications are particularly relevant to the subsurface environmental 
engineer, first with regard to size distributions of the particulates and, secondly, in terms of 
physiological effects. 
 
 
19.2.1. Size of aerosol particles 
 
Mine dusts vary widely in shape, dependent largely upon the prevalent mineral constituents. The 
simplest method of quantifying the size of a non-spherical particle is the projected area or 
equivalent geometric diameter. This is the diameter of a sphere that has the same projected area 
as the actual particle. Other measures of equivalent diameter are defined in Chapter 20.  
 
Typical size ranges of some common aerosols are given in Table 19.1. In general, the size 
distribution within each range follows a lognormal curve. Particles do not become visible to the 
naked eye until they are more than 10 microns equivalent diameter. It follows that the harmful 
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respirable dusts are invisible. Nevertheless, it must be assumed that heavy visible concentrations 
of dust in a mine atmosphere are accompanied by high levels of respirable dust (Section 20.3.1.). 
Another unfortunate aspect of the small sizes of respirable dusts is that they have a very low 
settling velocity and, indeed, can remain suspended in air indefinitely. 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Table 19.1. Size ranges of common aerosols.  
 
 

19.2.2. Physiological effects of dusts 
 
A classification of dusts with respect to potential hazard to the health and safety of industrial  
workers may be divided into five categories. 
 

1. Toxic dusts. These can cause chemical reactions within the respiratory system or allow toxic 
compounds to be absorbed into the bloodstream through the alveolar walls. They are poisonous 
to body tissue or to specific organs. Some metalliferous ores fall into this category. The most 
hazardous include compounds of arsenic, lead, uranium and other radioactive minerals, mercury, 
cadmium, selenium, manganese, tungsten, silver and nickel (Walli, 1982). 
 

2. Carcinogenic (cancer causing) dusts. The cell mutations that can be caused by alpha, beta and 
gamma radiation from decay of the uranium series make radon daughters the most hazardous of 
the carcinogenic particulates (Chapter 13). A combination of abrasion of lung tissue and surface 
chemical action can result in tumour formation from asbestos fibres and, to a lesser extent, 
freshly produced quartz particles. Exposure to arsenic dust can also cause cancers.  Diesel 
exhaust particulates are a causative factor in lung and other types of cancer. 
 

3. Fibrogenic dusts The scouring action of many dusts causes microscopic scarring of lung 
tissue. If continued over long periods this can produce a fibrous growth of tissue resulting in loss 
of lung elasticity and a greatly reduced area for gas exchange. The silica (quartz, chert) and 
some silicate (asbestos, mica, talc) dusts are the most hazardous of the fibrogenic dusts and may 
also produce toxic and carcinogenic reactions. Welding fumes and some metalliferous ores 
produce fibrogenic dusts. Long and excessive exposure to coal dusts also gives rise to fibrogenic 
effects. 
 

4. Explosive dusts. These are a concern of safety rather than health. Many organic materials, 
including coals other than anthracite, become explosive when finely divided at high 
concentrations in air. Sulphide ores and many metallic dusts are also explosive. Hazards 
associated with the explosive nature of some dusts are discussed more fully in Chapter 21. 
 

5. Nuisance dusts. Quite apart from adverse effects on the health of personnel, all dusts can be 
irritating to the eyes (Gibson and Vincent, 1980), nose and throat and when in sufficiently high 
concentration may cause reduced visibility. Some dusts have no well-defined effects on health 
but remain in the category of a nuisance dust. These include the evaporites (halite, potash, 
gypsum) and limestones. The soluble salts of halite (NaCl) and potash (KCl) can occasionally 
cause skin irritations, particularly around hatbands or tightly fitting dust masks. 

Type of aerosol Size range in microns 
(10-6 m) 

 Lower Upper 
Respirable dust - 7 
Coal and other rock dusts 0.1 100 
Normal atmospheric dusts 0.001 20 
Diesel particulates 0.05 1 
Viruses 0.003 0.05 
Bacteria 0.15 30 
Tobacco smoke 0.01 1 
Pollens causing allergies 18 60 
Fog 5 50 
Mist 50 100 
Light drizzle 100 400 
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19.3. DUST IN THE HUMAN BODY 
 
The lungs are the organs where the oxygen necessary for metabolic activity is introduced into the 
body. Through repetitive inhalations and exhalations air is brought into very close proximity to 
flows of blood, the two being separated by a very thin membrane of about 0.5 microns in 
thickness. Oxygen diffuses across the membrane from the air to the blood while carbon dioxide 
diffuses in the other direction. The exchange is maintained by a difference in concentration 
across the membrane for each of the two gases. 
 
The respiratory system is equipped with defence mechanisms against gaseous or aerosol 
pollutants that may exist in the inspired air. However, these mechanisms can be defeated by toxic 
or carcinogenic agents. Furthermore, after years of exposure to unnaturally high concentrations 
of dust, the defence system can simply become overloaded allowing the lungs to become much 
less efficient as gas exchangers and, also, more susceptible to bronchial infections and 
pulmonary illnesses. 
 
In this Section, we shall outline the structure and normal operation of the human respiratory 
system, the mechanisms of dust deposition within that system, and the processes that lead 
towards those ailments known collectively as dust diseases. 
 
 
19.3.1. The respiratory system 

 
Figure 19.1 is a simplified 
illustration of the human respiratory 
system. Air enters through the 
nostrils where it passes through a 
mat filter of hairs in order to enter 
the nasopharynx. This filter is the 
first line of defence and removes 
the larger dust particles. Those 
remain trapped until they are blown 
out or pass back through the 
nasopharynx to be swallowed. 
Within the larger volume of the 
nasopharynx, the air velocity is 
reduced. In this zone and, indeed, 
throughout all of the branched air 
passages leading to the alveoli, the 
walls are lined with ciliated and 
mucous-secreting cells. The 
hairlike cilia wave to and fro with a 
directional bias that promotes 
movement of the mucous towards 
the throat where it can be 
swallowed. Most dust particles 
greater than 10 microns in size are 
captured by the hair filter or 
mucous before inhaled air reaches 
the larynx. Air that is breathed 
through the mouth bypasses the 
protection offered by the nostrils 
and nasopharynx. 
 
 

Figure 19.1  Diagrammatic representation of the human 
        respiratory system. 
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The air then progresses through the trachea, a tube some 20 mm in diameter, 120 mm long and 
comprised of a series of tough cartilage rings. This divides into the left and right bronchi 
averaging about 12 mm in diameter and 48 mm long. There are, of course, considerable 
variations in these dimensions between individuals. The air passages continue to subdivide 
repeatedly into the bronchioles in a manner that is analogous to the roots of a tree. After sixteen 
subdivisions the bronchiole diameter is about 0.6 mm. The total number of branched passages in 
human lungs may be over 80 million. 
 
Although the diameter of individual air passages decreases with branching, their greatly 
increased number produces a significant rise in total cross sectional area available for flow. 
Hence, the air velocity decreases to the extent that airflow is completely laminar in the smaller 
bronchioles. All of these passages are coated with mucous which is continuously expelled 
upwards towards the trachea by the motions of cilia. The mucous secretions and any captured 
particulates are usually expelled by coughing or swallowing within one day. Mucous coatings 
within the air passages are normally quite thin. However, bronchial ailments can cause an 
increase in both the viscosity and thickness of mucous layers to the extent that they can restrict 
air movement significantly. The higher air velocities through constricted passages can lead to 
audible noise (wheezing). 
 
The smallest bronchioles terminate in clusters of air sacs or alveoli some 0.2 to 0.6 mm in size. 
The walls of the alveoli provide the 0.5 micron thick membrane, or epithelium, across which gas 
exchange occurs. There are an estimated three to four hundred million alveoli in the average 
human lungs with a total area of some 75 m2 available for gas exchange in a healthy adult. 
Involuntary muscular movements of the diaphragm and ribcage induce rhythmic changes of 
pressure differential between the alveoli and the external atmosphere giving rise to normal cycles 
of inhalation and exhalation. Breathing rates vary from 12 to 40 inhalations per minute depending 
upon the level of activity. Table 11.2 indicates corresponding gas exchange rates for oxygen and 
carbon dioxide. 
 
Few dust particles of sizes greater than 3 microns reach the alveoli. Numerous models have been 
proposed to indicate the relationship between particle size and sites of deposition (e.g. Walli, 
1982; Schröder, 1982; National Research Council, 1980). For very small captured particles, 
clearance from the alveoli may be slow or non-existent. Particles of 0.2 micron diameter have a 
25 percent probability of retention while, for 0.02 micron particles, the retention rate rises to about 
55 percent. 
 
Mucous producing cells within the alveoli lubricate the surfaces and facilitate their freedom to 
dilate and contract. Removal of dust particles from the alveoli is undertaken by relatively large (10 
to 50 micron) cells known as macrophages or phagocytes. These nomadic cells originate in some 
white blood cells, are free to move over the alveolar walls and are capable of engulfing particles 
up to 10 microns in diameter. A commonly accepted view is that the macrophages and any 
encapsulated dust particles migrate out of an alveolar cluster into the bronchioles where they can 
be expelled by ciliary motion. Another theory is that macrophages are transported from the alveoli 
through fluid filled capillaries that lead to lymphoids at bronchiole junctions (Brundelet, 1965). 
 
The average life expectancy of a macrophage is about one month. However, these scavenger 
cells may die rapidly if they engulf toxic particles. The number of macrophages increases when 
the lungs are subjected to increased entry of dust particles. However, there remains considerable 
doubt about the relationship between respirable dust concentration and macrophage production. 
It appears to depend upon the mineralogical composition of the particles. Furthermore, dust 
loaded cells are cleared less rapidly than the normal turnover of dust-free cells (National 
Research Council, 1980). 
 
Soluble particles dissolve in mucous. The resulting ions are either removed in the mucous or 
diffuse through the epithelium for elimination through the bloodstream. 
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19.3.2. Mechanisms of dust deposition in the respiratory system 
 
Deposition of dust particles within the zones of the respiratory system varies with the size and 
aerodynamic characteristics of the particles, the geometry of the air passages and the patterns of 
airflow. The three most important mechanisms of deposition are impaction, sedimentation and 
diffusion, while interception and electrostatic precipitation can become significant for particular 
types of dust. These five modes of deposition are discussed in the following subsections. 
 
19.3.2.1. Impaction  
The density and, therefore, the momentum of dust particles are greater than that of a comparable 
volume of air. At each bend of the tortuous paths followed by air as it pulses in and out of the 
lungs, dust particles will tend to follow a straight line and impact into the mucous coated walls of 
the air passages. 
 
The effectiveness of deposition by impaction increases with the acuteness of the bend and the 
velocity of the air. There appears to be considerable anatomical variation between individuals in 
the tortuosity of the branching bronchioles. Velocities are greater in the upper air passages. 
However, the latter also have a larger diameter and particles must travel further across the 
streamlines before impact occurs. During exertion, breathing rates and, hence, air velocities 
increase throughout the system. The subject takes air deeper into the lungs and, furthermore, the 
resistance of the nostrils and hair filter will promote breathing through the mouth. For all of these 
reasons, heavy physical labour will increase deposition by impaction in the respiratory system. 
 
Constriction of air passages by thickening of the mucous layer, bronchial infections or lung 
damage will also result in higher air velocities and, hence, increased deposition by impaction. 
 
19.3.2.2. Sedimentation 
 This term refers to the gravitational settlement of particles and is effective at low air velocities for 
dust particles greater than 0.5 microns. Smaller particles become subject to Brownian motion and 
diffusion effects. Sedimentation assists in the deposition of larger particles in the nasopharynx 
during the reversal points of the breathing cycle. More importantly, however, sedimentation is an 
effective mechanism of deposition in the low velocity laminar flows within the finer bronchioles 
and the alveoli. 
 
Another factor is that the full capacity of the lungs is seldom used. During normal quiescent 
breathing the tidal volume may utilize some 65 to 75 percent of lung capacity. Sedimentation of 
dust particles will occur in the near stagnant air of the unused dead-space. A phase of heavy 
breathing followed by a quiescent period will first draw dust particles into the deeper recesses of 
the lung and then encourage deposition by sedimentation in the dead-space as breathing 
becomes more shallow. 
 
19.3.2.3. Diffusion  
Submicron particles are subject to random displacement by bombardment from gas molecules 
(Brownian motion). The effect increases as the size of the particles decreases and becomes 
significant for particle diameters of less than 0.5 microns. Although Brownian motion occurs 
throughout the respiratory system, it becomes an effective mode of dust deposition only when the 
mean displacement becomes comparable with the size of the air passage. Hence, it is particularly 
important in the alveoli and finer bronchioles. 
 
19.3.2.4. Interception 
Interception becomes significant for fibrous particles. A dust fibre is often defined as a particle 
where the length to diameter ratio exceeds 3. Such particles tend to align themselves with the 
direction of airflow and fibres 200 microns long can penetrate deeply into the lung. Nevertheless, 
the ends of fibres are likely to contact the walls of air passages, particularly at bends and 
bifurcations, and accumulations of fibres can occur at these locations. This is the mechanism of 
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interception. The effect is accentuated by curly fibres such as those of chrysotile asbestos while 
the straight fibres of amphibole asbestos have a greater probability of penetrating to the alveoli. 
 
19.3.2.5. Electrostatic precipitation  
Within the working areas of a mine, newly produced particles of mineral dust may carry a 
substantial electrostatic charge. The moving electromagnetic fields that surround such particles 
can induce charges of opposite sign on the walls of air passages in the respiratory system. This 
results in the electrostatic precipitation of particles on to the walls and capture by the film of 
mucous. 
 
 
19.3.3. Dust diseases 
 
Pneumonoconiosis, now more usually shortened to pneumoconiosis, is a generic term for 
damage to cardio-respiratory organs caused by the inhalation of dust. More specific names have 
been given to illnesses caused by particular types of dust. Some of those are discussed in this 
Section and are often known as the dust diseases. 
 
While the toxic and carcinogenic properties of some dusts cause specific physiological reactions 
(Section 19.2.2.), most dusts that occur in mines are not in themselves fatal. However, through 
progressive incapacitance of the lungs, they render the victim more susceptible to respiratory 
ailments such as colds or influenza as well as tuberculosis, chronic bronchitis and emphysema 
which may result in hastened death. Chronic bronchitis is an inflammation of the linings of the 
respiratory system and is accompanied by periodic or constant coughing. Emphysema involves 
the rupture of inter-alveolar walls caused by excessive pressure within the alveoli. This is often a 
result of constrictions in the bronchioles. The rupture frequently occurs during bouts of coughing. 
Adjacent alveoli break through into each other. This leads to progressive abnormal 
breathlessness, particularly on even light exertion. Respiratory difficulties may also cause 
excessive strain on the heart with resultant cardiac complications 
 
19.3.3.1. Fibrogenic effects  
The fibrogenic dusts introduced in Section 19.2.2. promote the abnormal development of fibrous 
tissue within the alveolar clusters. They may commence at discrete foci with fibrous tissue that 
may then radiate outwards to form fibroblasts. These, in turn, can merge into nodules and 
conglomerates. The permanent scarring and change in the alveolar structure can have severe 
secondary effects. Gas exchange across the alveolar walls is inhibited and the loss of natural 
elasticity can cause a significant reduction in tidal volume. Furthermore, the production of 
macrophages is reduced allowing uncontrolled accumulations of dust particles to occur in the 
alveoli. Large fibrous masses can also distort or damage blood vessels, causing functional 
impairment of the heart (National Academy of Sciences, 1976). 
 
19.3.3.2. Coal workers' pneumoconiosis (black lung) 
Many dusts, including coal, produce a low biological response. However, over sufficiently long 
periods of exposure a build-up of retained dust occurs in the form of soft plaques within the lung 
tissue. These can be observed as small black spots on chest x-rays. Similar early diagnoses can 
be made for other mineral dusts including ores of iron (siderosis), tin (stannosis) and aluminium 
(aluminosis). In the case of coal, such indication of coal workers' pneumoconiosis may not be 
revealed for some 10 to 15 years after initial employment in coal mines. Furthermore, the 
subjects may not be aware of any incapacitance during that time. In more advanced cases, the 
opacities grow in size and number until they coalesce. This is likely to be accompanied by fibrosis 
and all of the consequences described in the previous subsection. 
 
19.3.3.3. Silicosis 
This is one of the most dangerous of the dust diseases and is caused by particles of free 
crystalline silica (quartz, sandstones, flint) but not by the silicates in clays or fireclay. The hazard 
is greatest from freshly produced dust in operations involving mining or comminution of silica 
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bearing rocks, or from sandblasting. It is suspected that the more severe cases of coal workers' 
pneumoconiosis may be associated with quartz particles mixed with coal dust. 
 
The early stages of the disease produce, again, local foci of dust accumulations that may be 
observed on x-ray films. However, there appears to be a level of silica accumulation above which 
progressive massive fibrosis occurs. A number of theories have been advanced to explain this 
behaviour (Schröder, 1982). It is probable that the initial accumulations cause simple microscopic 
abrasion from the hard cutting edges of the particles. The initiation of progressive fibrosis may be 
the result of a toxic reaction to silicic acid or electro-chemical surface energy on newly cut and 
charged particles. A further suggestion is that the breakdown of poisoned macrophages may 
invoke an auto-immune reaction that produces fibrous antibody structures. 
 
19.3.3.4. Asbestosis 
Asbestos is an inorganic mineral fibre comprised mainly of silicate chains. The two common 
forms of asbestos are chrysotile containing tough curly fibres, and amphibole with long, straight 
and brittle fibres. Asbestos fibres are captured in the respiratory system primarily by interception 
(Section 19.3.2.4.) and accumulations are most likely to occur at bends and bifurcations. 
However, the aerodynamic characteristics of fibres are determined by their diameter rather than 
length and long fibres may reach the alveoli. 
 
Asbestosis is associated with fibrosis, but of a different type from that given by advanced cases of 
silicosis or coal workers' pneumoconiosis. The initial plaques are more brittle and contain sharp 
raised ridges that may become calcified. During further progression of the disease, fibrous bands 
radiate throughout the lungs and cause a significant loss of elasticity. This reduces the tidal 
volume and, together with the fibrotic loss of gas exchange area, leads to abnormal 
breathlessness. The reduction in oxygen transfer causes blood pressure in the pulmonary artery 
to rise putting the right ventricle of the heart under strain. Cardiac failure may follow. 
 
Cancers of the bronchial system, lung tissue and abdominal organs have been linked with 
excessive exposure to asbestos fibres. However, it is considered that it is not the silicate chains 
themselves that cause these cancers but rather carcinogens that are adsorbed on the fibre 
surfaces prior to inhalation. 
 
19.3.3.5. Precautions against dust diseases 
The problems of dust diseases have probably attracted more research funding than any other 
environmental hazard in underground mining. Three distinct areas of research have been 
undertaken in countries with major mining industries, namely·medical studies into the 
development, treatment and diagnosis of dust diseases, the techniques of sampling and 
measurement of airborne dust, and dust suppression and control in mines. 
 
The primary precautions against dust diseases mirror those same three areas. Experience has 
shown that although highly skilled interpretation of x-ray films is required, this remains the most 
important tool in discovering the onset of a dust disease and in monitoring its progress. Personnel 
who are required to work in atmospheres that contain any of the toxic, carcinogenic or fibrogenic 
dusts should be given free access to chest x-ray examinations. An examination should be given 
before the commencement of employment in order to identify any existing condition. Further 
chest x-rays are recommended at intervals of not more than two years. Workers should be 
assured that early identification of coal workers' pneumoconiosis or silicosis does not necessarily 
imply physical impairment nor loss of employment but should be regarded as an indication that 
reassignment to work in less dusty conditions would be prudent. Legislation may guard against 
significant reductions in financial remuneration. 
 
The second group of precautions concerns organized and routine procedures of dust sampling, 
preferably by means of instruments that measure mass concentration of respirable dust. This 
area is discussed further in Section 19.4. and is intended to test compliance with set threshold 
limit values. In most countries the latter are mandatory values enforced by law. 
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The most effective means of protecting mine personnel against dust diseases is control of the 
dust. This involves minimizing the production of dust, suppressing it at the source, removing 
airborne dust and separating workers from dusty areas. Great improvements have been made in 
these areas since the 1950's. The subject is handled in greater detail in Chapter 20. 
 
 
19.3.4. Threshold limit values 
 
National experience of mining systems, geological conditions, legislation, litigation, labour 
organizations, research and social consciousness in various countries has resulted in wider 
variations in recommended or mandated threshold limit values for dusts than for other airborne 
contaminants in mines. The threshold limit values given in Table 19.2 are based primarily on 
recommendations of the American Conference of Governmental Industrial Hygienists (ACGIH) 
and are simply a guide to airborne concentrations that are currently thought to produce no 
adverse effects from a daily working time exposure.  
 

Aerosol TLV (TWA) mg/m3 unless 
otherwise stated* 

Comments 

Aluminium oxide 10  
Arsenic   0.01 carcinogen 
Asbestos   0.1 fibres/ml carcinogen, 

for fibres longer than 5 microns 
Borates   

decahydrate   5  
others   1  

Calcium carbonate 10 marble, limestones 
Calcium sulphate 10 gypsum 
Carbon black   3.5 carcinogen 
Coal   2 

10/(% quartz) for >5% quartz)
respirable (<5% quartz) 
 

Fibrous glass 10  
Fluorides   2.5  
Graphite (natural)   2 respirable fraction 
Iron oxide fumes   5.0 (>1% quartz) 
Kaolin   2 respirable, no asbestos, <1% silica 
Magnesite (magnesium oxide) 10 (total),  5(respirable)  
Mica   3  respirable fraction 
"Nuisance" dusts 10 non-hazardous materials 
Oil mist   

mineral   5 excluding vapour 
vegetable 10  

Perlite 10 (total), 3 (respirable)  
Portland cement  10(total), 5 (respirable)  
Radon daughters 4 WLM/year see Section 13.3.3 
Quartz 0.05 respirable fraction 
Silicon Carbide 10 respirable, no asbestos, <1%silica 
Soapstone   3 respirable fraction 
Talc   2 respirable fraction 
Welding fumes   5  
Table 19.2. Guideline threshold limit values for selected aerosols given in milligrams per cubic 
       metre of air (based primarily on recommendations of the American Conference of  
       Governmental Industrial Hygienists). Considerable variations occur in the laws of  
       other countries.  
      See Section 11.2.1. for definitions of Threshold Limit Value and Time Weighted Average. 
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The comments made in Section 11.2.1. on threshold limit values for gases apply equally well 
here. In particular, subsurface ventilation engineers must become familiar with limiting 
concentrations mandated by their own national or state laws. 
 
There is a further reservation that applies to the use of threshold limit values for dust 
concentrations. Despite the move from particle count to gravimetric methods of measurement, 
there remain considerable variations in the results given by differing instruments (e.g. Phillips, 
1984). These arise from differences in the design of instruments, the particle size distribution 
curves they are intended to follow and the efficiency of dust capture. Even a single instrument 
can indicate a different result if the rate of sample airflow through the device is altered. For these 
reasons, individual countries or mining industries have tended to "adopt" a particular instrument 
as a standard and to employ empirical conversion factors in order to compare data obtained by 
other devices (Rogers, 1991). It follows that while such variations in instrument performance 
exist, the application of dust threshold limit values for purposes of legislation or enforcement 
should be referred to a particular instrument used according to a specified procedure. 
 
Another factor should be borne in mind when comparing threshold limit values imposed by 
differing legislative authorities. Laws governing dust concentrations usually specify not only the 
limiting concentrations of respirable dust but also the sampling locations. Hence, a measurement 
required to be taken in a return airway should not be compared to one that is obtained at the 
position of a machine operator. 
 
For coal mines, legislation may require reduced threshold limit values in certain areas. For 
example, the 2 mg/m3 TLV for respirable dust in American coal mines is reduced to 1 mg/m3 for 
intake airways within 61 m (200 ft) of a working face. Further restrictions are applied when quartz 
particles are present in the coal dust. One method is to reduce the TLV to 10 divided by the 
quartz percentage when the quartz content in the dust exceeds 5 percent. This is based on a 
quartz TLV of 0.1 mg/m3. 
 
 
 
19.4. THE ASSESSMENT OF AIRBORNE DUST CONCENTRATIONS 
 
19.4.1. Background 
 
The accurate assessment of dust concentrations in relation to the health of personnel in mines is 
beset with difficulties. First, the fact that physiological consequences develop very slowly is 
compounded by dust concentrations varying across wide limits with respect to both time and 
place in a mine. Readings of dust concentrations measured over a short time interval have very 
little relevance to the long term health of the workforce. It was this difficulty that masked 
correlations between most particle count data and incidence of pneumoconiosis until the 1959 
Johannesburg Conference. Secondly, as indicated in the previous Section, it is not only the 
concentration of particles that matters but also their size distribution and mineralogical 
composition. It is not surprising, therefore, that even modern instruments may vary quite 
significantly in the quality and type of data they produce. 
 
In choosing dust instrumentation it is important to define the primary purpose of the intended 
measurements. These may be part of long term investigations with the aim of establishing 
environmental standards. Other research surveys may be aimed at the spatial and temporal 
variations of dust concentration to which specific groups of personnel are exposed, or to 
investigate the effects on airborne dust of particular mining equipment or dust suppression 
techniques. Routine measurements in a mine are made to protect the health of the workforce and 
to check or ensure compliance with mandatory standards. 
 
The earliest attempts to measure airborne dust quantitatively are reported to have occurred in the 
eighteenth century using observations of dust deposition on a polished surface (Walli, 1982). 
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However, the major developments in this field have taken place since the introduction of the 
konimeter, a hand held jet-impact device invented by Kotz, a South African government mining 
engineer, in 1916. Modern versions of the konimeter remain in use in that country although its 
remaining life must be very limited.  
 
Since the Johannesburg Conference of 1959, the vast majority of new instruments measure the 
mass concentration of respirable dust (<5 microns). Most of these instruments pass the dust in a 
continuous air sample through combinations of elutriators (settling chambers), cyclones, or jet-
impactors and filters. Furthermore, in order to meet the need for longer term readings, most 
gravimetric instruments have been designed to operate over several hours. Such data are 
necessary from the viewpoint of health protection but mitigate against rapid readout, continuous 
monitoring and short term control. Alternative methods of dust assessment combined with 
modern electronic integrating circuitry allow short term and long term data collection to proceed 
simultaneously. Many such instruments have utilized the principle of light beam scattering by dust 
particles (the Tyndall effect). 
 
A recognition of the differing objectives of health protection and more immediate concerns such 
as dust explosibility, visibility and nuisance effects have led to two distinct applications of dust 
monitors. First, lightweight personal samplers are increasingly being worn by underground 
workers. These give a record of the respirable dust concentrations to which the person has been 
exposed, on a shift by shift basis. Secondly, heavier and more sophisticated instruments may be 
set up to measure dust concentrations either for several hours or, on a more permanent basis, to 
allow continuous monitoring for local indication and recording or transmission to a central control 
station.  
 
Modern trends in dust instrumentation are toward: 
 
• an increase in the use of personal samplers, 
• cascade devices or other means of selection to indicate mass concentrations in each of a 

number of particle size ranges, 
• an immediate indication of mineral content (particularly quartz) in addition to mass 

concentration and 
• an increase in light scattering methods for continuous monitoring. 

 
In the following subsections, we shall introduce the main principles employed in instruments for 
the assessment of airborne dust. However, because of the rapid evolution and number of new 
devices, we shall not attempt detailed descriptions of individual monitors. For these, the reader is 
referred to trade journals and manufacturers' literature. 
 
 
19.4.2. Particle count methods 
 
Although particle count methods were used for many years and models were produced in a 
number of countries, they are now nearing obsolescence for use in mines. There were essentially 
two families of particle count instruments. One of these relied on the impact principle in which a 
short-lived but high velocity pulse of air was induced through a jet and directed at a receiving 
surface of treated glass, film or liquid. The most enduring of this type of instrument is the 
konimeter (Section 19.4.1.). 
 
The second type of particle count instruments was the thermal precipitator. Molecular 
bombardment from a heated wire diverted dust particles from a moving sample stream on to an 
adjacent glass slide (Section 20.2.4.). The slides, films or liquids produced by particle count 
instruments were subjected to microscope analysis for counting the number of particles in each 
size range. For many years this was carried out manually and was somewhat subject to individual 
bias. Latterly, it has been conducted by "light assessors" that really measure surface area 
(Martinson, 1982). Computer controlled particle analyzers are now available that can perform 
such a task much more rapidly and efficiently. 
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19.4.3. Gravimetric methods 
 
Figure 19.2 illustrates the operation of one of the earlier and very successful gravimetric 
samplers, the MRE, developed at the Mining Research Establishment of the then National Coal 
Board in the United Kingdom (Dunmore et al, 1964). This instrument continues to be a standard 
in several countries. Air passes through the instrument at a rate of 2.5 litres/min under the action 
of a diaphragm pump. The air velocity between the parallel plates of the elutriator drops to the 
extent that particles larger than 7 microns settle out. The remaining finer particles pass on to be 
collected on a 5 micron membrane filter. The filter is weighed before and after a sampling period 
which may, typically, be eight hours. 
 

 
The specifications of the elutriator are such that it gives a particle removal characteristic which 
resembles the BMRC curve on Figure 19.3. This curve was defined by the British Medical 
Research Council as representing the penetration rates of respirable dust to the alveoli of the 
human lungs. An alternative model adopted by the American Conference of Governmental 
Industrial Hygienists is illustrated for comparison on the same figure. The MRE instrument 
achieved the rare distinction of being specified, by name, as a standard in American mine 
legislation. 
 
Many other gravimetric samplers have been produced since the 1960's. Some have replaced the 
elutriator with a nylon or metal cyclone as illustrated on Figure 19.4. The small dimensions and 
light weight of these cyclones make them particularly suitable for personal samplers. 
 
Other types and sizes of filters are also employed. While the filter should be efficient in trapping 
respirable dust, it should not restrict the airflow to the extent that it inhibits the required constant 
airflow throughout the sampling period. Silver metal filters have been shown to be useful if the 
sample is subsequently to be heated in order to determine combustible content or if x-ray  
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Figure 19.2  Schematic of an MRE Gravimetric Dust Sampler 
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diffraction is used to measure the amount of quartz present (Knight and Cochrane, 1975). The 
maximum period of sampling through any given filter is reduced because of premature blockage 
in the presence of diesel fumes or mists of water or oil (Gardiner, 1988). 

 
 
19.4.4. Photometric (light-scattering) methods 
 
It was the English physicist John Tyndall (1820-'93) who first explained the scattering of sunlight 
by dust particles in the atmosphere. The blue component of white light is scattered most which 
explains why the sky appears blue. The same effect is utilized in the photometric methods of 
measuring dust concentration. The corresponding instrumental techniques have been developed, 
particularly in Germany, although devices using the same principle are now also produced in the 
United Kingdom and the United States of America. 
 
The early Tyndalloscope split the beam from a white light source. Half proceeded through 
polarizing filters to the eye- piece. The other half was diverted through a sample chamber where 
light reflected by the dust particles was collected and directed to the eyepiece. The filters were 
rotated until the two half beams that were visible simultaneously in the eyepiece appeared to 
have the same intensity. The angle of filter rotation was employed as an indication of the dust 
concentration. Modern Tyndallometers use photosensors to detect the deflected light and 
produce an electrical output for visual display, recording or transmission. Preferred angles of 
forward light scatter can be chosen to minimize the effects of particle shape or index of refraction. 
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There are two techniques of particle size 
discrimination used in these devices. Some 
photometric dust instruments eliminate the non-
respirable particles by passing the sample 
through a pre-classifier comprised of an elutriator 
or a cyclone. A number of cyclones in cascade 
can be used to give several size ranges. The 
other method of particle size discrimination is to 
use a laser or monochromatic light source. The 
choice of wavelength gives a means of 
discriminating in favour of the desired size range 
of particles. The angle between the light source 
and the photodetector is another method of 
selecting a preferred size range (Breuer et al, 
1973; Thaer, 1975). 
 
Although photometric dust instruments really 
respond to light reflected from particle surfaces, 
using them for selected size ranges enables the 
readings to be interpreted in terms of total 
volume of those particles and, hence, mass 
concentration (assuming constant density of the 
particle material). Figure 19.5 illustrates an 
instrument that combines a forward scattering 
laser unit with an 8 hour filtration system. This 
permits direct calibration of the light unit with 
respect to mass concentration of respirable dust. 
 
The major advantage of modern light scattering 
instruments is that the addition of electronic 
circuitry permits a combination of immediate 
readout and integration over any chosen time 
interval. Hence, they can be employed for both 
short term and long term sampling. Coupled with 
cascade (sequential) interrogation of a sample 
stream they can indicate, record and transmit 
information for each of a series of particle size 
ranges (Breuer, 1975; Oberhalzer, 1987). 
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Figure 19.4  Cyclone head of a personal dust filter. 
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Figure 19.5  Schematic of a SIMSLIN II dust sampler. 
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19.4.5. Personal samplers 
 
Stationary gravimetric dust monitors provide a means of sampling over an extended time period 
(typically an eight hour shift) and are useful for assessing average dust concentrations at 
specified locations. However, they do not measure the actual dust inhaled by individual workers. 
Neither are they capable of showing temporal variations of dust concentrations to which the 
worker is subjected. For many years attempts were made to develop practical and wearable dust 
monitors. Personal monitors should be unobstrusive to the worker and capable of giving reliable 
indications of dust level either instantaneously or over short time intervals. Furthermore, they 
should also be capable of recording full shift average dust concentrations for subsequent entry 
into a data log for the individual worker. 
 
Early versions of personal dust monitors included a small lightweight cyclone (Figure 19.4) that 
was pinned to the lapel of the worker’s clothing. The unit was powered by a battery worn on the 
belt. The position of the cyclone inlet could result in non-representative readings caused by dust 
from clothing. The device was also incapable of giving short-term readings. 

 
A determined multi-year effort funded by the U.S. National Institute for Occupational Safety and 
Health (NIOSH)1 produced a personal dust monitor that overcame many of the drawbacks of 
earlier models (Volkwein et al (2004), Volkwein et al (2005)). The heart of this monitor is a 
tapered-element oscillating microbalance. Air is drawn into the unit via an inlet located close to 
the lens of the wearer’s caplamp, i.e. representative of the air being inhaled. A continuous sample 
passes through a 48mm diameter tube alongside the caplamp cord down to the sampler which is 
incorporated into a casing that also holds the caplamp battery (Figure 19.6). 
 
                                                      
1 Development work was conducted by Rupprecht and Patashnick Co., Inc of Albany, New York. 

Figure 19.6. The NIOSH 2004 tapered-element oscillating microbalance personal dust sampler.
Reproduced from Volkwein, J.C. et al (2004). Performance of a new personal 
respirable dust monitor for mine use. Pittsburgh Research Laboratory, Report of 
Investigations 9663. NIOSH Publication No. 2004-151.
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Within the sampler the air passes through a cyclone to separate out the respirable fraction of 
dust. The latter passes along the hollow tapered element and through an exchangeable filter 
which is located on the narrow end of the element. Electronic components are employed to 
oscillate the element and filter at resonant frequency. As the mass of dust collected by the filter 
increases, the resonant frequency decreases. From that change the monitor evaluates the mass 
captured by the filter over a given time period. The readings given by a screen display on top of 
the beltworn unit include the average respirable dust concentration since the start of the shift and 
a running average over the past 15 or 30 minutes. Data from the sampler can be downloaded into 
a personal computer after the end of a shift. 
 
 
19.4.6. Other methods of airborne dust measurement 
 
In addition to the principles of dust measuring units outlined in the preceding subsections, there 
are several other types of devices that are available or under development. The impact principles 
employed in some of the old particle count devices still have a role as classifiers to remove non-
respirable dust. This may further reduce the weight of personal samplers. A series of jet orifice 
sizes can be used to simulate a lung penetration curve (National Research Council, 1980). 
 
Another type of device utilizes a carbon-14 radioactive source to pass beta rays through a mass 
of dust particles on a filter or impact collection plate. A detector measures the attenuation of the 
beta rays. In use, the device is run for a predetermined time. The difference between the flux of 
beta rays before and after sampling is processed by internal circuitry to indicate the mass of 
particles collected (National Research Council, 1980). A similar device developed in Poland 
employs strontium-90 as the radioactive source and measures reflected back-scatter of beta rays 
from the surface of the sample (Krzystolik et al, 1985). 
 
A technique that may find further application is to measure the change in resonant frequency of a 
piezo-electric quartz crystal as a mass of sampled dust collects on it. Here again, such units 
arranged in cascade with interstage cyclones or impactors can be used to indicate a number of 
particle size ranges (Sem et al, 1977). 
 
 
19.4.7. Discrimination of quartz particles 
 
Mine dust is seldom composed of a single mineral. As quartz particles occur commonly and are 
particularly dangerous (Section 19.3.3.3.), efforts have been directed at quantifying the quartz 
content of dust samples. This is of concern not only in hardrock mines but also because of the 
increased use of mechanized extraction and roof bolting in coal mines. 
 
The employment of x-ray diffraction gives well defined peaks for quartz on the output spectrum. 
This method has been used for a number of years as a means of mineralogical analysis of mine 
dust (Knight and Cochrane, 1975; Bradley, 1975). A further development is to incorporate the 
principle into dust monitoring equipment in order to display the quartz content concurrently with 
respirable dust concentration. 
 
 
19.4.8. Sampling strategy 
 
Throughout the history of organized dust measurements in mines, investigators have been faced 
with problems of large variations in the observed results. Furthermore, the significance of these 
results has often been subject to debate and interpretation. The very real variations in the 
concentration and mineralogical content of dusts that exist with respect to time and location in 
any mine are compounded by the differing efficiencies with which alternative instruments simulate 
the dust retention characteristics of the human lung. These difficulties have led to coining of the 
phrase of sampling strategy which really means the "why, where, when and how" dust samples 
are taken. 
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The "why", i.e. the objectives of dust sampling, were outlined in Section 19.4.1. It is, indeed, 
important to have a clearly defined purpose for any given set of dust measurements, particularly 
where the setting or checking of mandatory standards is involved. The objectives of a dust survey 
will then usually influence the "where, when and how." 
 
When checking compliance with threshold limit values, the locations of area measuring points are 
normally dictated by law - for example at specific points in intake and return airways or with 
respect to the positions of machine operators. Research into dust minimization techniques in 
various countries has been greatly influenced by the wording of the relevant national law. For 
example, spray fan or other air diversion techniques can produce significant reductions in dust 
concentrations at the operator position of a continuous miner but may have little or no effect on 
respirable dust counts in the return airway. If, on the other hand, the purpose of a measurement 
is to check the dust production of a particular piece of equipment or operation, then the 
instruments should be located at specified distances upwind and downwind from that equipment 
or operation. 
 
The times and durations of area sampling will, again, usually be specified by law, often at 
intervals of two or three months at each mandatory sampling point. The samples may be required 
to be submitted for analysis to specified laboratories operated or authorized by government 
agencies. Furthermore, check samples may be taken by government inspectors. 
 
For short term sampling, it is all too easy to introduce conscious or inadvertent bias into dust 
measurements. The maximum dust make from a machine will be obtained when the equipment is 
running at full load. However, the measured concentration of non- toxic dust should not 
necessarily be interpreted as an epidemiological (health) hazard. It becomes so only if personnel 
are working in or downstream from the dust make and are exposed to concentrations that exceed 
the set standards on the basis of an 8 hour time weighted average. 
 
The importance of adhering to agreed types of instruments and sampling procedures was 
emphasized in Section 19.3.4., particularly when checking compliance with statutory 
requirements. Indeed, the instruments and measurement procedures may be specified within the 
regulations. A factor that is often overlooked is the effect of air velocity on the sampling ports of 
the instrument. At the higher air velocities, dust particles can be diverted around the sampling 
ports (Baskhar and Ramani, 1987). Isokinetic devices can be fitted to the instrumentation in order 
to match the inlet port sampling velocity with that of the approaching airstream. 
 
The variability of measured dust concentrations coupled with the intrinsic uncertainties of 
instrumentation and sampling procedures should dictate that those measurements be subjected 
to statistical analysis. In practice this is often relegated to a rejection of "unrepresentative or 
suspect" samples and the straight averaging of the remainder (National Academy of Sciences, 
1976; Martinson, 1982). Such a procedure is clearly open to bias and is not to be recommended. 
Where any given sampling practice or location consistently yields a significant number of suspect 
samples, then an investigation should be carried out in order to determine whether the 
unexpected variations are, indeed, real and, if not, the weaknesses of the sampling technique. 
Statistical examinations can be carried out to test whether the number of samples is sufficiently 
large to be representative of the particular type of work, time or location. The data produced by 
wider use of personal samplers, together with computer based records and  statistical analyses, 
facilitate such tasks. 
 
This returns us to the utilization of personal samplers. The question of sampling strategy became 
of particular importance with the advent of 8 hour gravimetric sampling units and the relationship 
between the results given by these instruments and the earlier, short term, particle count units. 
Personal samplers have revolutionized the philosophy of dust sampling strategy. Provided that a 
correlation has been established between the results given by specified types of personal 
sampler and corresponding levels of epidemiological hazard, then there appears to be little 
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reason why those types of personal sampler should not be used for both individual exposure 
monitoring and compliance with appropriately worded regulations. This separates sampling for 
health reasons from those measurements that may be taken for purposes of control or planning. 
 
The question arises on how many underground personnel should be asked to wear personal 
samplers. This would appear to depend upon the degree of perceived exposure to dust and the 
type of mining. In heavily mechanized workings, there may be relatively few persons within the 
more dusty areas. Furthermore, the mobility and differing occupations of some workers may 
subject them to wide variations of dust exposure. In such circumstances, it would be in the 
interests of those workers to wear personal samplers. The initiation of the practice should be 
accompanied by suitable explanations of the benefits of the devices, how they should be treated, 
and the manner in which the data will be used. 
 
In labour intensive mines with much larger numbers of personnel, many of them engaged in 
similar occupations, it may be unnecessary to ask all persons to wear personal samplers. A 
minimum number that is deemed to be representative of each work group should be decided, 
including the more mobile supervisory staff (Quilliam, 1975). The actual persons wearing the 
samplers may be changed on a rota basis. However, after each shift the exposure record of each 
individual should be updated according to the relevant representative value for that group and 
location. Provided that the instruments are compatible, the data obtained can be used to compare 
dust indices for differing occupations, locations and mines (van Sittert, 1988). 
 
The modern approach is to combine full-shift personal samplers with both long and short term 
dust monitoring that is incorporated into mine environmental electronic surveillance systems. The 
data obtained from such means will help to safeguard the health of workers and be valuable in 
the planning and design of future mining operations. 
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