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11.1. INTRODUCTION 
 
When air enters any mine or other subsurface structure, it has a volume composition of 
approximately 78 percent nitrogen, 21 percent oxygen and 1 percent other gases on a moisture 
free basis. A more precise analysis is given in Table 14.1. However, as the air progresses 
through the network of underground openings, that composition changes. There are two primary 
reasons for this. First, the mining of subsurface structures allows any gases that exist in the 
surrounding strata to escape into the ventilating airstream. Such strata gases have been 
produced over geological time and remain trapped within the pores and fracture networks of the 
rock. Methane and carbon dioxide are commonly occurring strata gases.  
 
Secondly, a large number of chemical reactions may cause changes in the composition of mine 
air. Oxidation reduces the percentage of oxygen and often causes the evolution of carbon dioxide 
or sulphur dioxide. The action of acid mine water on sulphide minerals may produce the 
characteristic odour of hydrogen sulphide while the burning of fuels or the use of explosives 
produce a range of gaseous pollutants. Most of the fatalities resulting from mine fires and 
explosions have been caused by the toxic gases that are produced rapidly in such circumstances.  
 
Several of the gases that appear in subsurface facilities are highly toxic and some are 
dangerously flammable when mixed with air. Their rate of production is seldom constant. 
Furthermore, their propagation through the multiple airways and often convoluted leakage paths 
of a subsurface ventilation system is further modified by the effects of gas density differences, 
diffusion and turbulent dispersion. These matters all influence the variations in concentrations of 
mine gases that may be found at any time and location in an underground mine.  
 
A primary requirement of a mine ventilation system is to dilute and remove airborne pollutants 
(Section 1.3.1.). It is, therefore, necessary that the subsurface environmental engineer should be 
familiar with the physical and chemical properties of mine gases, their physiological effects, how 
they may be detected and preferred methods of control. In this chapter we shall classify and 
discuss those gases that may appear in subsurface ventilation systems.  
 
 
11.2. CLASSIFICATION OF SUBSURFACE GASES 
 
Table 11.1 lists the gases that are most commonly encountered in underground openings. Each 
of those gases is discussed in further detail within this section. 
 
 
11.2.1. Threshold limit values (TLV) 
 
Threshold limit values of airborne substances refer to those concentrations within which 
personnel may be exposed without known adverse effects to their health or safety. The guideline 
TLVs given on Table 11.1 have been arrived at through a combination of industrial experience 
and from both animal and human studies. They are based primarily on recommendations of the 
American Conference of Governmental Industrial Hygienists (ACGIH) and the U. S. National 
Institute for Occupational Safety and Health (NIOSH). The values quoted should be regarded as 
guidelines rather than clear demarcations between safe and dangerous concentrations. There are 
two reasons for this. First, wide variations in personal response to given substances occur 
between individuals, depending upon one's state of health, exposure history and personal habits 
(e. g. smoking and use of alcohol). Secondly, TLVs are necessarily based on current scientific 
knowledge and are subject to revision as new evidence becomes available.  
 
To ensure compliance with statutory requirements, ventilation/environmental engineers and 
industrial hygienists should familiarize themselves with any mandatory TLVs that have been 
established within their particular country or state. 
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Name Symbol Molecular 

Weight 
( based  
on C12  ) 

Density at 
20°C and 
100 kPa 

kg/m3 

Density 
relative 

to dry air

Gas 
Constant
J/kg °C 

Primary sources 
in mines 

Smell, 
colour, 
taste 

Hazards Guideline 
TLVs 

Methods of 
detection* 

Flammability 
limits in air 
per cent 

dry air  28.966 1.1884 1 287.04  none     
oxygen O2 31.999 1.3129 1.1047 259.83 air none oxygen 

deficiency; 
may cause 
explosive 
mixtures 
with 
reactive 
gases 

>19.5 electro-
chemical, 
paramagnetic, 
flame lamp 

 

nitrogen N2 28.015 1.1493 0.9671 296.80 air, strata none inert  by difference  

methane CH4 16.04 0.6581 0.554 518.35 strata none explosive; 
layering 

1%:isolate 
electricity 
2%:remove 
personnel 

catalytic 
oxidation, 
thermal 
conductivity, 
optical, 
acoustic,  
flame lamp 

5 to 15 

carbon 
dioxide 

CO2 44.00 1.805 1.519 188.96 oxidation of 
carbon, fires, 
explosions, IC 
engines, blasting, 
respiration 

slight acid 
taste and 
smell 

promotes 
increased 
rate of 
respiration 

TWA=0.5% 
STEL=3.0% 

optical,  
infra-red 

 

carbon 
monoxide 

CO 28.01 1.149 0.967 296.8 fires, explosions, 
IC engines, 
blasting, 
spontaneous or 
incomplete 
combustion of 
carbon compounds

none highly 
toxic; 
explosive 

TWA= 0.005% 
STEL=0.04% 

electro-
chemical, 
catalytic 
oxidation, 
semi-
conductor, 
infra-red 

12.5 to 74.2 

sulphur 
dioxide 

SO2 64.06 
 

2.628 2.212 129.8 oxidation of 
sulphides, acid 
water on sulphide 
ores, IC engines 

acid taste, 
suffocating 
smell 

very toxic; 
irritant to 
eyes throat 
and lungs 

TWA=2ppm 
STEL=5ppm 

electro-
chemical, 
infra-red 

 

Table 11.1  Classification of gases most commonly found in subsurface openings 
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Name Symbol Molecular 

Weight 
(based on 

C12) 

Density 
at 20°C 
and 100 

kPa 
kg/m3 

Density 
relative 

to dry air

Gas 
Constant 
J/kg °C 

Primary sources 
in mines 

Smell, 
colour, 
taste 

Hazards Guideline 
TLVs 

Methods of 
detection* 

Flammability 
limits in air 
Per cent 

nitric oxide NO 30.01 1.231 1.036 277.1 irritant to 
eyes, 
nose and 
throat 

oxidizes 
rapidly to 
NO2 

TWA=25ppm electro-chemical,
infra-red 

 

nitrous 
oxide 

N2O 44.01 1.806 1.519 188.9 sweet 
smell 

narcotic 
(laughing 
gas) 

TWA=50ppm electro-chemical  

nitrogen 
dioxide 

NO2 46.01 1.888 1.588 180.7 

 
 
 
 
 
IC engines, 
blasting, welding 

reddish 
brown, 
acidic 
smell 
and taste 

very toxic; 
throat and 
lung irritant; 
pulmonary 
infections 

TWA=3ppm 
ceiling: 5ppm

electro-chemical,
infra red 

 

hydrogen 
sulphide 

H2S 34.08 1.398 1.177 244.0 acid water on 
sulphides, 
stagnant water, 
strata, 
decomposition of 
organic materials 

odour of 
bad eggs 

highly toxic; 
irritant to 
eyes and 
respiratory 
tracts; 
explosive 

TWA=10ppm
STEL=15ppm

electro-chemical, 
semi-conductor 

4.3 to 45.5 

hydrogen H2 2.016 0.0827 0.0696 4124.6 battery charging, 
strata, water on 
incandescent 
materials, 
explosions 

none highly 
explosive 

 catalytic 
oxidation 

4 to 74.2 

radon Rn ≈ 222 9.108 7.66 37.45 uranium minerals 
in strata 

none radioactive; 
decays to 
radioactive 
particles 

1 WL and  
4 WL-months 
per year 

radiation 
detectors 

 

water 
vapour 

H2O 18.016 0.739 0.622 461.5 evaporation of 
water, IC engines, 
respiration, 
spon.com. and 
other fires 

none affects 
climatic 
environment

 psychrometers, 
dielectric effects 

 

*In addition to the methods listed, most of these gases can be detected by gas chromatography and stain tubes 
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Three types of threshold limit values are expressed in Table 11.1. The Time-Weighted Average 
(TWA) is the average concentration to which nearly all workers may be exposed over an 8 hour 
shift and a 40 hour work week without known adverse effects. However, many substances are 
sufficiently toxic that short-term exposures at higher concentrations may prove harmful or even 
fatal. The Short-Term Exposure Limit (STEL) is a time-weighted average concentration occurring 
over a period of not more than 15 minutes. That is, concentrations above the TWA and up to the 
STEL should not last for longer than 15 minutes. It is also recommended that such circumstances 
should not occur more than four times per day nor at intervening intervals of less than one hour. 
 
The Ceiling Limit is the concentration that should not be exceeded at any time. This is relevant for 
the most toxic substances or those that produce an immediate irritant effect. 
 
 
11.2.2. Oxygen, O2 
 
Human beings and, indeed, the vast majority of the animal kingdom are completely dependent 
upon the oxygen that comprises some 21 percent of fresh atmospheric air. Oxygen diffuses 
through the walls of the alveoli in the lungs to form oxyhaemoglobin in the bloodstream. This 
unstable substance breaks down quite readily to release the oxygen where required throughout 
the body.  
 
As muscular activity increases, so also does the rate of respiration and the volume of air 
exchanged at each breath. However, the percentage of oxygen that is utilized decreases at 
heavier rates of breathing. For low levels of physical activity, exhaled air contains approximately 
16 percent oxygen, 79 percent nitrogen and 5 percent carbon dioxide. Table 11.2 indicates typical 
rates of oxygen consumption and production of carbon dioxide. This table is helpful in estimating 
the effects of respiration on the gas concentrations in a confined area.  
 
 

Activity Breaths/min Inhalation rate 
litres/s 

Oxygen 
consumption 

litres/s 

Carbon dioxide 
produced 

litres/s 

At rest 12-18 0.08 - 0.2 ≈ 0.005  ≈ 0.004 

Moderate work   30 0.8 - 1.0 ≈ 0.03 ≈ 0.027 

Vigorous work 40   ≈ 1.6 ≈ 0.05 ≈ 0.05 
 

Table 11.2. Gas exchange during respiration (based on work by Forbes and Grove (1954)). 
 
 
Example 
Air is supplied at a rate of 5m3 /s to ten persons working at a moderate rate in a mine heading. 
The intake air contains 20.6 percent oxygen and 0.1 percent carbon dioxide. Determine the 
changes in concentrations of these gases caused by respiration.  
 
 
Solution 
For a moderate rate of activity, Table 11.2 indicates an individual consumption rate of some 0.03 
litres/s for oxygen and a production rate of about 0.027 litres/s for carbon dioxide. Hence, for ten 
persons: 
 
 oxygen depletion    =   10 x 0.03 x 10-3   =   0.0003 m3/s 
 carbon dioxide added  = 10 x 0.027 x 10-3   =   0.00027 m3/s 
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In the intake air: 
 oxygen flow   =    5 x 0.206  =  1.03 m3/s 
 carbon dioxide flow  =    5 x 0.001  =  0.005 m3 /s 
 
Therefore, in the exit air: 
 oxygen flow   =    1.03  -  0.0003  =  1.0297 m3/s 
 carbon dioxide flow  =    0.005 + 0.00027 = 0.00527 m3/s 

 oxygen concentration            594.20100
5

0297.1
=×=  percent 

 carbon dioxide concentration  1054.0100
5

00527.0
=×=  percent 

 
This example illustrates the very limited effect of respiration on the concentrations of oxygen and 
carbon dioxide in a mine ventilation system. Indeed, the ventilating air necessary for breathing is 
negligible compared with other airflow requirements in the subsurface (Section 9.3.). 
 
As air flows through an underground facility, it is probable that its oxygen content will decrease. 
This occurs not only because of respiration but, more importantly, from the oxidation of minerals 
(particularly coal and sulphide ores) and imported materials. The burning of fuels within internal 
combustion engines and open fires also consume oxygen. The primary danger of this gas is, 
therefore, that it may be depleted below a level that is necessary for the well being of the 
workforce. In Table 11.1, oxygen is the only gas whose concentration should be maintained 
above its recommended threshold limit value. The effects of oxygen depletion are as follows:  
 

Percent oxygen in air Effects 

19.0 Flame height on a flame safety lamp reduced by 50 percent. 

17 Noticeable increase in rate and depth of breathing - this effect will be 
further enhanced by an increased concentration of carbon dioxide. 

16 Flame lamp extinguished. 

15 Dizziness, increased heartbeat. 

13 to 9 Disorientation, fainting, nausea, headache, blue lips, coma. 

7 Coma, convulsions and probable death. 

below 6 Fatal. 
 
Oxygen deficiency implies an increased concentration of one or more other gases. Hence, 
although not listed explicitly in Table 11.1, even non-toxic gases will endanger life by asphyxiation 
if they are present in sufficient concentration to cause a significant oxygen deficiency.   
 
 
11.2.3. Nitrogen, N2 
 
Nitrogen constitutes approximately 78 percent of air and is, therefore, the most abundant gas in a 
ventilated system. It is fairly inert and occurs occasionally as a strata gas, usually mixed with 
other gases such as methane and carbon dioxide.  
 
 
11.2.4. Methane, CH4 
 
Methane is produced by bacterial and chemical action on organic material. It is evolved during the 
formation of both coal and petroleum, and is one of the most common strata gases. Methane is 
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not toxic but is particularly dangerous because it is flammable and can form an explosive mixture 
with air. This has resulted in the deaths of many thousands of miners. A methane: air mixture is 
sometimes referred to as firedamp.  
 
Although methane is especially associated with coal mines, it is often found in other types of 
subsurface openings that are underlain or overlain with carbonaceous or oil-bearing strata. The 
methane is retained within fractures, voids and pores in the rock either as a compressed gas or 
adsorbed on mineral (particularly carbon) surfaces. When the strata is pierced by boreholes or 
mined openings, then the gas pressure gradient that is created induces migration of the methane 
towards those openings through natural or mining-induced fracture patterns. The phenomena of 
methane retention within the rock and the mechanisms of its release are discussed in Chapter 12.  
 
Methane itself has no odour but is often accompanied by traces of heavier hydrocarbon gases in 
the paraffin series that do have a characteristic oily smell. As indicated in Table 11.1, methane 
has a density that is a little over half that of air. This gives rise to a dangerous behaviour pattern - 
methane can form pools or layers along the roofs of underground openings. Any ignition of the 
gas can then propagate along those layers to emission sources (Section 12.4.2). The buoyancy 
of methane can also create problems in inclined workings.  
 
Methane burns in air with a pale blue flame. This can be observed over the lowered flame of a 
safety lamp at concentrations as small as 1¼ percent. In an abundant supply of air, the gas burns 
to produce water vapour and carbon dioxide. 
  
 CH4 + 2O2    → 2H2O + CO2      (11.1) 
 
Unfortunately, within the confines of mined openings and during fires or explosions, there may be 
insufficient oxygen to sustain full combustion, leading to formation of the highly poisonous carbon 
monoxide. 
 
 2CH4 + 3O2 → 4H2O + 2CO      (11.2) 
 
 
The explosible range for methane in air is normally quoted as 5 to 15 percent1 by volume, with 
the most explosive (stochastic) mixture occurring at about 9.8 percent. While the lower limit 
remains fairly constant, the upper explosive limit reduces as the oxygen content of the air falls. 
The flame will propagate through the mixture while it remains within the flammable range. Figure 
11.1 illustrates a well known diagram first produced by H. F. Coward in 1928. This can be used to 
track the flammability of air:methane mixtures as the composition varies. In zone A, the mixture is 
not flammable but is likely to become so if further methane is added or that part of the mine is 
sealed off. In zone B, the mixture is explosive and has a minimum nose value at 12.2 percent 
oxygen. Zones C and D illustrate mixtures that may exist in sealed areas. A mixture in zone C will 
become explosive if the seals are breached and the gases intermingle with incoming air. 
However, dilution of mixtures in zone D can be accomplished without passing through an 
explosive range. 

                                                           
1 The flammability limits (and particularly the UEL) for any flammable gas or vapour are not absolute 
constants but vary with the conditions under which the ignition occurs. The UEL values of 14% and 15% that 
are often quoted for methane encompass the range that has been observed for most tests involving upward 
propagation of the flame. The type and energy of the igniting source (e.g. open flame or temperature and 
area of heated surface also affect the results). Although ‘ignition temperatures’ of sources are often quoted, 
it is the temperature to which the flammable mixture is raised that really matters. The pressure of the mixture 
has only a small effect. Values of explosibility limits, quoted without specifying the test conditions, should be 
regarded as average values. It also prudent to assume the wider measured limits of flammability for 
regulatory purposes and in guidelines for practice. 
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Mining law specifies actions that must be taken when certain fractions of the lower flammable 
limit have been reached. For example, legislation may require that electrical power must be 
switched off when the methane concentration exceeds 1 or 1¼ percent. Personnel other than 
those concerned with the improvement of ventilation should leave any area when the methane 
concentration exceeds 2 or 2½ percent. The legislation of the relevant country or state must be 
consulted for the precise values of limiting concentrations and required actions. Other regulations 
specify the frequency at which measurements of methane concentration must be taken and 
threshold limit values to be applied in specified locations.  
 
In many countries, underground mines are classified as either gassy or non-gassy. These legal 
terms relate to the potential for methane to be emitted into the workings. It is prudent that all 
underground coal mines be designated as gassy. Any other mine may become legally gassy if  
 
(a) methane emissions from the roof, floor or sides of openings have been observed or the 

surrounding strata are deemed capable of producing such emissions,  
(b) a methane ignition has occurred in the past, or  
(c) the mine is connected underground to another mine that has already been classified as gassy.  
 
Imposing a gassy designation on a mine can result in a significant increase in capital and 
operating costs as all equipment and operating procedures must then be designed and 
maintained to minimize the risk of igniting a methane:air mixture.  
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Figure 11.1  The Coward diagram for methane in air. 
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11.2.5. Carbon dioxide, CO2 
 
Carbon dioxide appears in subsurface openings from a variety of sources including strata 
emissions, oxidation of carbonaceous materials, internal combustion engines, blasting, fires, 
explosions and respiration. Stagnant mixtures of air in sealed off areas often have an increased 
concentration of carbon dioxide and decreased oxygen content. Such mixtures are sometimes 
called blackdamp.  
 
Table 11.1 indicates that carbon dioxide is more than fifty percent heavier than air and will, 
therefore, tend to collect on the floors of mine workings. This was the reason for the small 
animals depicted in some of Agricola's woodcuts of sixteenth century mine workings. It is 
common to find emanations of blackdamp from the bottoms of seals behind which are abandoned 
workings, particularly during a period of falling barometric pressure. Particular care must be taken 
when holing through into a mined area that has not been ventilated for some time.  
 
In addition to diluting oxygen in the air, carbon dioxide acts as a stimulant to the respiratory and 
central nervous systems. The solubility of carbon dioxide is about twenty times that of oxygen. 
Diffusion of the gas into the bloodstream is rapid and the effects on rate and depth of breathing 
are soon noticed. Cylinders of oxygen used for resuscitation often contain some 4 percent of 
carbon dioxide to act as a respiratory stimulant (carbogen gas).  
 
The physiological effects of carbon dioxide have been listed by Strang and MacKenzie-Wood 
(1985) as follows: 
 
 
Percent carbon dioxide in air Effects 

0.037 – 0.0382  None, normal concentration of carbon dioxide in air.  

0.5  Lung ventilation increased by 5 percent  

2.0  Lung ventilation increased by 50 percent. 

3.0 Lung ventilation doubled, panting on exertion. 

5 to 10 Violent panting leading to fatigue from exhaustion, headache. 

10 to 15 Intolerable panting, severe headache, rapid exhaustion and 
collapse. 

 
 
Fortunately, the administration of oxygen accompanied by warmth and an avoidance of exertion 
will usually lead to recovery with no known long term effects. 
 
 
11.2.6. Carbon monoxide, CO 
 
The high toxicity of carbon monoxide coupled with its lack of smell, taste or colour make this one 
of the most dangerous and insidious of mine gases. It has a density very close to that of air and 
mixes readily into an airstream unless it has been heated by involvement in a fire, in which case it 
may layer with smoke along the roof.  
 
Carbon monoxide is a product of the incomplete combustion of carbonaceous material. Although 
colourless, it has the traditional name of whitedamp. The great majority of fires and explosions in 

                                                           
2 The percentage of carbon dioxide in air has been increasing over the past century, currently at a rate of 
some 1.5 parts per million (0.00015 percent) each year. The rise is superimposed on an annual cyclic 
variation of about 5 ppm (0.0005 percent) caused by seasonal reactions of plant life. 
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mines produce carbon monoxide. Indeed, most fatalities that have occurred during such incidents 
have been a result of carbon monoxide poisoning. The mixture of gases, including carbon 
monoxide, resulting from a mine explosion, is often referred to as afterdamp. Carbon monoxide is 
also formed by internal combustion engines, blasting and spontaneous combustion in coal mines. 
It can be generated as a component of water gas (carbon monoxide and hydrogen) when water is 
applied to the base of incandescent coal during firefighting operations.  
 
Carbon monoxide burns with a blue flame and is highly flammable, having a wide range of 
flammability, 12.5 to 74.2 percent in air, with the maximum explosibility at 29 percent. 
 
In order to understand the physiological effects of carbon monoxide, let us recall from Section 
11.2.2. that oxygen passes through the walls of alveoli in the lungs and is absorbed by 
haemoglobin (red cells)in the blood to form the fairly unstable oxyhaemoglobin. Unfortunately, 
haemoglobin has an affinity for carbon monoxide that is about three hundred times greater than 
that for oxygen. To compound the problem, the new substance formed in the bloodstream, 
carboxyhaemoglobin (CO.Hb), is relatively stable and does not readily decompose. The 
consequences are that very small concentrations of carbon monoxide cause the formation of 
carboxyhaemoglobin which accumulates within the bloodstream. This leaves a reduced number 
of red cells to carry oxygen molecules throughout the body. The physiological symptoms of 
carbon monoxide arise because of oxygen starvation to vital organs, particularly the brain and 
heart.  
 
Physiological reactions to carbon monoxide depend upon the concentration of the gas, the time of 
exposure and the rate of lung ventilation, the latter being governed primarily by physical activity. 
In order to relate the symptoms of carbon monoxide poisoning to a single parameter, the degree 
of saturation of the blood by carboxyhaemoglobin is employed. Although variations exist between 
individuals, the following list provides a guideline of the progressive symptoms.  
 
 

Blood saturation 
percent CO.Hb 

Symptoms 

  5-10  Possible slight loss of concentration 

10-20  Sensation of tightness across forehead, slight headache 

20-30  Throbbing headache, judgment impaired. 

30-40 Severe headache, dizziness, disorientation, dimmed vision, nausea, 
possible collapse. 

40-60  Increased probability of collapse, rise in rates of pulse and respiration, 
convulsions 

60-70 Coma, depressed pulse and respiration, possible death. 

70-80 Fatal. 
 
 
Figure 11.2 gives a more practical guide of physiological reactions to carbon monoxide and takes 
the level of physical activity and exposure time into account. 
 
Due to the bright red colour of carboxyhaemoglobin, a victim of carbon monoxide poisoning may 
have a flushed appearance, even after death. At high blood saturation levels, deterioration of the 
body is often retarded after death due to the absence of internal oxygen.  
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Persons suffering from carbon monoxide poisoning should be kept warm and removed from the 
polluted atmosphere, preferably, on a stretcher. It may take more than twenty four hours for blood 
saturation levels to return to normal. During this time, severe headaches may be experienced. 
However, the return to normal blood saturation levels can be accelerated significantly by the 
administration of pure oxygen. The rapidity with which carbon monoxide is absorbed into the 
bloodstream and the slowness of its expurgation can result in dangerous blood saturation levels 
occurring in firefighters who make short repeated expeditions into a polluted area.   
 
 In addition to the physical symptoms that have been listed for carbon monoxide poisoning, 
experience of personnel involved in mine fires has indicated significant psychological reactions 
that have had grave repercussions. Low levels of blood saturation can give an appearance of 
intoxication including impairment of judgment and an unsteady gait preceding collapse. Victims 
may become silent and morose, and may resist or fail to comprehend instructions that will lead 
them to safety. The sense of time may be affected, a particularly significant symptom when self-
rescuer devices are being worn. However, all of these reactions vary considerably between 
individuals. In particular, total collapse will occur rapidly in high concentrations of carbon 
monoxide.  
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Figure 11.2  Physiological effects of carbon monoxide (developed from Strang and Wood, 1985). 
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A small degree of acclimatization has been observed in persons who are repeatedly exposed to 
low levels of carbon monoxide as experienced, for example, by habitual smokers. This is thought 
to occur because of an increase in the number of red cells within the bloodstream. 
 
 
11.2.7. Sulphur dioxide, SO2 
 
This is another highly toxic gas but one which, fortunately, can be detected at very low 
concentrations both by its acidic taste and the intense burning sensation it causes to the eyes   
and respiratory tracts. The latter is a result of the high solubility of the gas in water to form 
sulphurous acid.  
 
 H2O + SO2  → H2SO3 
 
This, in turn, can oxidize to sulphuric acid, H2SO4. 
 
When discussing very small concentrations, it is convenient to refer to parts per million (ppm) 
rather than percentages. The conversion between the two is accomplished simply by moving the 
decimal point four places in the appropriate direction. The following list of physiological reactions 
to sulphur dioxide employs parts per million.  
 

Concentration of 
sulphur dioxide ppm 

Effects 

 1 Acidic taste  

 3  Detectable by odour. 

20  Irritation of eyes and respiratory system. 

50 Severe burning sensation in eyes, nose and throat. 

400 Immediately dangerous to life. 
 
First aid for sulphur dioxide poisoning includes the administration of oxygen, immobility and 
warmth. The longer term treatment is for acid corrosion of the eyes and respiratory system.  
 
Sulphur dioxide is formed in internal combustion engines and by the oxidation of sulphide 
ores, for example: 
 
 zinc blende 
  2ZnS + 3O2  →  2ZnO + 2SO2    (11.3) 
or  iron pyrites 
  4FeS2 + 11O2  →  2Fe2O3 + 8SO2    (11.4) 
 
These and other similar reactions can occur when sulphide ores are heated in a fire or by 
spontaneous combustion. Although sulphur dioxide is colourless, white fumes may be seen due 
to condensation of acidic water vapours or traces of sulphur trioxide, SO3.  
 
 
11.2.8. Oxides of nitrogen, NOx 
 
Three oxides of nitrogen are listed on Table 11.1. Nitric oxide, NO, nitrous oxide, N2O, and 
nitrogen dioxide, NO2, are formed in internal combustion engines and by blasting. The proportion 
of nitrous oxide is likely to be small. Furthermore, nitric oxide converts rapidly to nitrogen dioxide 
in the presence of air and water vapour. 
 
 2NO + O2  → 2NO2       (11.5)            
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As nitrogen dioxide is the most toxic of these oxides of nitrogen, it is sensible to concentrate upon 
the physiological effects of this gas. 
 
At the temperatures found in underground openings, it is probable that nitrogen dioxide will be 
mixed with a companion gas, nitrogen tetroxide, N2O4, having similar physiological effects. The 
brown fumes of nitrogen dioxide dissolve readily in water to form both nitrous (HNO2) and nitric 
(HNO3) acids.  
 
 2NO2 + H2O → HNO2 + HNO3      (11.6) 
 
These acids cause irritation and, at higher concentrations, corrosive effects on the eyes and 
respiratory system. The progressive symptoms are as follows: 
 

Concentration of 
nitrogen dioxide 

ppm 

Effects 

 40 May be detected by smell. 

 60 Minor throat irritation  

100  Coughing may commence. 

150 Severe discomfort,  may cause pneumonia later. 

200 Likely to be fatal 
 
 
The immediate treatment for nitrogen dioxide poisoning is similar to that for sulphur dioxide, 
namely, the administration of oxygen, immobility and warmth. An insidious effect of nitrogen 
dioxide poisoning is that an apparent early recovery can be followed, soon afterwards, by the 
development of acute bronchopneumonia.  
 
 
11.2.9. Hydrogen sulphide, H2S 
 
The presence of this highly toxic gas is readily detected by its characteristic smell of bad eggs. 
This has given rise to the colloquial name stinkdamp. Unfortunately, hydrogen sulphide has a 
narcotic effect on the nervous system including paralysis of the olfactory nerves. Hence, after a 
short exposure, the sense of smell can no longer be relied upon.  
 
Hydrogen sulphide is produced by acidic action or the effects of heating on sulphide ores. It is 
formed naturally by bacterial or chemical decomposition of organic compounds and may often be 
detected close to stagnant pools of water in underground mines. Hydrogen sulphide may occur in 
natural gas or petroleum reserves and migrate through the strata in a weakly acidic water 
solution. It can also be generated in gob fires. In such cases, free sulphur may be deposited by 
partial oxidation of the gas.  
 
 2H2S + O2  →         2H2O + 2S      (11.7) 
 
This can sometimes be seen as a yellow deposit in burned areas. However, in a plentiful supply 
of air, hydrogen sulphide will burn with a bright blue flame to produce sulphur dioxide. 
 
 2H2S + 3O2 → 2SO2 + 2H2O      (11.8). 
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The physiological effects of hydrogen sulphide may be listed as follows: 
 

Concentration of hydrogen sulphide ppm Effects 

0.1 to 1 Detectable by smell. 

5 Beginning of toxicity 

50 to 100  Slight irritation to eyes and respiratory tract, 
headache, loss of odour after 15 minutes. 

200   Intensified irritation of nose and throat. 

500   Serious inflammation of eyes, nasal secretions, 
coughing, palpitations, fainting. 

600   Chest pains due to corrosion of respiratory 
system, may be fatal. 

700 Depression, coma, probable death. 

1000 Paralysis of respiratory system, very rapid 
death. 

 
A victim who recovers from hydrogen sulphide poisoning may be left with longer term 
conjunctivitis and bronchitis. 
 
 
11.2.10. Hydrogen, H2 
 
Although non-toxic, hydrogen is the most explosive of all the mine gases. It burns with a blue 
flame and has the wide flammable range of 4 to 74.2 percent in air. Hydrogen can be ignited at a 
temperature as low as 580 °C, and with an ignition energy about half of that required by methane.  
 
Hydrogen occasionally appears as a strata gas and may be present in afterdamp at about the 
same concentrations as carbon monoxide. The action of water on hot coals can produce 
hydrogen as a constituent of water gas (Section 11.2.6.). Dangerous accumulations of hydrogen 
may occur at locations where battery charging is in progress. Hydrogen has a density only some 
0.07 that of air. It will, therefore, tend to rise to the roof. Battery charging stations should be 
located in intake air with a duct or opening at roof level that connects into a return airway.  
 
 
11.2.11. Radon, Rn 
 
This chemically inert gas is one of the elements formed during radioactive disintegration of the 
uranium series. Although its presence is most serious in uranium mines, it may be found in many 
other types of underground openings. Indeed, seepages of radon from the ground into the 
basements of surface buildings have been known to create a serious health hazard. 
 
Radon emanates from the rock matrix or from ground water that has passed over radioactive 
minerals. It has a half life of 3.825 days and emits alpha radiation. The immediate products of the 
radioactive decay of radon are minute solid particles known as the radon daughters. These 
adhere to the surfaces of dust particles and emit alpha, beta and some gamma radiation.  
 
Radon and the problems of radiation in mines are discussed further in Chapter 13. 
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11.3. GAS MIXTURES 
 
Although the gases that occur most commonly underground have been discussed separately in 
Section 11.2., it is more usual that several gaseous pollutants appear together as gas mixtures. 
Furthermore, the importation of an ever-widening range of materials into subsurface facilities also 
introduces the risk of additional gases being emitted into the mine environment.  
 
 
11.3.1. Threshold limit values for gas mixtures 
 
In order to widen the applicability of this section, the recommended threshold limit values of a 
number of other gases and vapours are given in Table 11.3 and grouped in terms of probable 
sources. Again, we are reminded that these TLVs are simply guidelines and that national or state 
mandated limits should be consulted to ensure compliance with the relevant laws.   
 
In any given atmosphere, if there are two or more airborne pollutants (gaseous or particulate) that 
have adverse effects on the same part of the body, then the threshold limit value should be 
assessed on the basis of their combined effect. This is calculated as the dimensionless sum.  
 

 
n

n

T
C

T
C

T
C

......
2

2

1

1 ++        (11.9) 

 
where  C = measured concentration 
and  T = corresponding threshold limit value. 
 
If the sum of the series exceeds unity, then the threshold limit value of the mixture is deemed to 
be exceeded. (ACGIH, 1989)  
 
Example 
An analysis of air samples taken in a return airway indicates the following gas concentrations: 
 
 carbon dioxide: 0.2 percent,  carbon monoxide: 10 ppm 
 hydrogen sulphide: 2 ppm,  sulphur dioxide: 1 ppm 
 
Determine the threshold limit values, TWA and STEL for the mixture. 
 
Solution 
Sulphur dioxide and hydrogen sulphide are both irritants to the eyes and respiratory system. 
Furthermore, carbon dioxide is a stimulant to breathing, increasing the rate of ventilation of the 
lungs. Hence, it may be regarded as being synergistic with the sulphur dioxide and hydrogen 
sulphide. Carbon monoxide, however, affects the oxygen carrying capacity of the bloodstream 
and need not be combined with the other gases in determining the threshold limit values for the 
mixture.  
 
From Table 11.1, the following time weighted averages (TWA) and short term exposure 
limits (STEL) are determined: 
 

Component 
Threshold limit values 

 TWA    STEL 

carbon dioxide 0.5 percent  3.0 percent 

hydrogen sulphide  10 ppm 15 ppm 

sulphur dioxide 2 ppm   5 ppm 

carbon monoxide 50 ppm 400 ppm 
 



Gases in the Subsurface                                                                               Malcolm J. McPherson 

 11-16

Table 11.3 Threshold limit values for other gases and vapours that may be present underground 
 

Substance Guideline time weighted average limit  
(ppm unless otherwise stated) 

Cleaners and solvents   
acetone  750 (STEL = 1000)  
ammonia  25 (STEL = 35)   
toluene)  100 (STEL = 150)   
turpentine  100 (STEL= 150) 

Refrigerants   
ammonia  25 (STEL = 35)   
R11  1000 (ceiling)   
R12  1000  
R22  1000  
R112   500  

Fuels   
butane  800    
gasoline vapour  300 (STEL = 500) 
liquid petroleum gas  1000 
naptha (coal tar)) 100 
pentane  600 (STEL = 750) 
propane  1000 

Welding and soldering   
general welding fumes 5 mg/m3  
iron oxide fumes  5 mg/m3 
lead fumes 0.15 mg/m3 
ozone (arc welding) 0.1 ppm ceiling 
fluorides (fluxes) 2.5 mg/m3  

Heated plastics  
carbon dioxide 0.5% (STEL = 3.0%) 
carbon monoxide 50 (STEL = 400) 
hydrogen chloride fumes 5 ppm ceiling 
hydrogen cyanide 10 
hydrogen fluoride 3 ppm ceiling 
phenol (absorbed by skin) 5 

Explosives  
carbon dioxide 0.5% (STEL = 3.0%) 
carbon monoxide 50 (STEL = 400) 
oxides of nitrogen 25 
ammonia 25 (STEL = 35)   
sulphur dioxide 2 (STEL = 5) 
nitrous acid fumes  
nitric acid fumes 2 (STEL = 4) 

Others  
chlorine (biocides 0.5 (STEL = 1) 
cresol (wood preservative) 5 
mercury vapour 0.05 mg/m3 
oil mist (mineral): vapour free 5 mg/m3 
oil mist (vegetable): vapour free 10 mg/m3 
sulphuric acid fumes (batteries) 1 mg/m3 
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The carbon monoxide concentration measured at 10 ppm and treated separately is shown to be 
less than the TWA of 50 ppm. 
 
The equivalent threshold limit value of the remainder of the mixture is assessed from equation 
(11.9) as: 
 

TWA: 1.1
2
1

10
2

5.0
2.0

=++  

 
 
 
 

STEL: 4.0
5
1

15
2

3
2.0

=++  

 
The dimensionless TWA is greater than 1. Hence, the time weighted average limit is exceeded. 
However, the short term exposure limit is less than unity. The implication is that personnel may 
spend time periods not exceeding 15 minutes in this atmosphere, but not a complete 8 hour shift.  
 
 
In some cases of gas mixtures, it may be practicable to monitor quantitatively for one pollutant 
only, even though it is known that other gases or particulates are present. In such circumstances, 
a pragmatic approach is to reduce the threshold limit value of the measured substance by a factor 
that is assessed from the number, toxicity and estimated concentrations of other contaminants 
known to be present.  
 
 
11.3.2. Diesel emissions 
 
The flexibility and reliability of diesel engines have resulted in a proliferation in their use for all 
types of underground mines. This is, however, tempered by the emissions of exhaust gases, heat 
and humidity that result from the employment of diesels. Guidance on the airflow requirements for 
diesel equipment is given in Section 9.3.2. 
 
The substances that are emitted from diesel exhausts include: 

• nitrogen 
• carbon monoxide 
• carbon dioxide 
• oxides of nitrogen 
• sulphur dioxide 
• diesel particulate matter 
• water vapour (Sections 15.3.2.2. and 16.2.3.) 

 
The actual magnitude and composition of diesel exhausts are governed by the engine design, 
quality of maintenance, exhaust treatment units, rating for altitude and skill of the operator.  
 
Catalytic converters cause the exhaust gases to filter through granulated oxidizing agents. These 
can successfully convert up to 90 percent of the carbon monoxide and 50 percent of unburned 
fuel to carbon dioxide and water vapour. Sulphur dioxide may be partially converted to sulphur 
trioxide and appear as vapour of sulphuric acid.  
 

carbon 
dioxide 

hydrogen 
sulphide 

sulphur
dioxide
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Water scrubbers give an improved removal of sulphur dioxide and particulate matter but do little 
for carbon monoxide. Engine gas recirculation (EGR) systems help to reduce the oxides of 
nitrogen.  
 
The diesel particulate matter is a combination of soot, unburned fuel and aldehydes, and is 
regarded as being the component of diesel exhaust that is most hazardous to health. There are 
two reasons for this. First, the particles are typically less than one micron in diameter. They are 
inhaled deeply into the lungs and have a high probability of being retained within the walls of the 
alveoli. Secondly, the porous or fibrous nature of the soot particles enables them to adsorb a 
range of polynuclear and aromatic hydrocarbons, giving diesel smoke its characteristic greasy 
feel. There is evidence that these have carcinogenic properties (Waytulonis, 1988) although the 
relationship between exposure to diesel exhaust emissions and the incidence of cancer remains 
unclear (French, 1984). Exhaust filters assist greatly in the removal of particulate matter.   
 
The operating advantages of diesel equipment are in direct conflict with the potentially hazardous 
nature of exhaust emissions. This has resulted in a considerable research effort into the use of 
diesels in mining during the 1980's (e. g. World Mining, 1982; Daniel, 1989; Haney, 1989; 
Gunderson, 1990).  
 
 
11.3.3. Fires 
 
The predominant cause of loss of life associated with underground fires has been the gaseous 
products of combustion. The particular gases depend upon the type of fire and the materials that 
are being burned. Although carbon monoxide has resulted in the majority of such fatalities, the 
importation of a widening variety of manufactured materials into mines has produced the potential 
for other toxic gases to be emitted during a mine fire.  
 
Coal mine fires that involve burning of the coal itself are likely to produce an atmosphere that is 
deficient in oxygen and may contain 

• carbon dioxide 
• carbon monoxide 
• methane 
• water vapour 

 
and smaller amounts of sulphur dioxide, hydrogen sulphide and hydrogen. Fires involving timber 
emit the same gases. The actual concentration of each gas depends primarily upon the oxygen 
content of the air within the fire zone (Chapter 21).  
 
Metal mine fires arising from the spontaneous combustion of sulphide ores will emit products of 
combustion that are rich in sulphur dioxide and, possibly, sulphuric acid vapour.  
 
Fires involving diesel equipment will produce gases from burning diesel oil and also from any  
plastic or rubber components that may become heated. The burning oil itself will emit 

• carbon monoxide • carbon dioxide  
• sulphur dioxide • oxides of nitrogen 
• hydrogen • hydrogen sulphide 

 
Plastic materials are employed for an increasing variety of purposes in underground workings, 
including brattice cloths, machine components, electrical cables and fittings, thermal insulation on 
pipes or airway linings, the pipes themselves, instrumentation, containers and meshing. Some 
plastic polymers will begin to disintegrate at about 250°C and before actual combustion 
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commences. However, the evolution of gases increases rapidly when the material burns. While 
all heated plastics give off  
 

• carbon monoxide    and • carbon dioxide 
 

the most dangerous are the polyurethanes, nylon and polyvinyl chloride (PVC) which may also 
produce 
 

• hydrogen cyanide • hydrofluoric acid fumes • hydrochloric acid fumes 
 
The phenolic plastics evolve the same gases but require a higher temperature for pyrolysis. 
Rubber based materials may also emit hydrogen sulphide when heated. Local or national 
regulations may prohibit the use of certain plastics.   
 
In addition to gases, fires will normally also produce copious amounts of the respirable 
particulates that appear as visible smoke. These particles themselves may be toxic and are 
irritating to the eyes and respiratory tracts.  
 
 
11.3.4. Explosives 
 
The gases that may be produced by blasting are listed in Table 11.3. The concentrations of gases 
depend upon the type, quality and weight of explosive used, the means of detonation and the 
psychrometric condition of the air. The degree of confinement also affects the concentrations and 
time distribution of the gas emission - firing "on the solid" produces a sharper and higher peak of 
blasting fumes than if a free face were available. Some of the gases and fumes may be adsorbed 
onto mineral faces within the fragmented rock and be emitted over a longer time period (Rossi, 
1971).  
 
The oxides of nitrogen are formed mainly as nitric oxide during the detonation. The rate at which 
this oxidizes to nitrogen dioxide depends upon the degree to which the blasting fumes are diluted 
by a ventilating air current. Fumes that are purged from a mine during a re-entry period following 
blasting may still contain a significant proportion of nitric oxide when the pulse of fumes exits the 
mine.  
 
 
11.3.5. Welding 
 
The constituents of welding fumes can vary widely dependent upon the metals or alloys involved, 
the welding process employed and any fluxes that may be used. The fumes contain particles of 
amorphous slags and oxides of the metals being welded.  
 
Arc welding in a local inert atmosphere such as argon will inhibit the formation of welding fumes 
but can produce ozone. On the other hand, arc welding within the air can produce copious fumes 
and carbon monoxide. Where stainless steel is involved, compounds of chromium and nickel can 
appear as constituents of the welding fumes. The employment of welding fluxes may also result 
in fluorides as well as a range of oxides being generated.  
 
If no toxic compounds are present in the metals, welding rods or metal coatings, and the 
conditions do not favour the formation of toxic gases, then the threshold limit of 5 mg/m3 given for 
general welding fumes in Table 11.3 may be used as a guideline.  
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11.4. GAS DETECTION AND MONITORING 
 
11.4.1. Objectives and overview 
 
The primary purpose of monitoring the concentrations of airborne pollutants in a mine is to ensure 
that the atmosphere provides a safe environment free from levels of toxicants that would create a 
hazard to health. There are essentially three matters to consider. The first is the threshold limit 
values deemed to be acceptable for each pollutant. Second is the choice of instrumentation best 
suited for the detection and measurement of particular gases. Third, the question of where and 
how frequently measurements are required must be addressed. Having discussed threshold limit 
values in Sections 11.2.1. and 11.3.1., we now turn our attention to the operating principles of 
instruments used to measure gas concentrations and methods of sampling.  
 
 
11.4.2. Principles of gas detection 
 
Advances in the fields of electronics, electrochemistry and micro-manufacturing have resulted in 
significant improvements in the accuracy and reliability of equipment for the detection and 
measurement of gas concentrations. Instruments now available are capable of measuring 
concentrations of more than one gas and indicating fractions of a part per million for some toxic 
gases. The same principles of detection method may be applied to more than one gas. Hence, in 
this section we shall concentrate on those principles rather than discussing each gas in turn. The 
methods of gas detection and monitoring used most frequently for subsurface gases are listed in 
Table 11.1.  
 
 
11.4.2.1. Filament and catalytic oxidation (pellistor) detectors 
 
These devices are used primarily for the measurement of methane and other gases that will burn 
in air such as carbon monoxide, hydrogen or the higher gaseous hydrocarbons. If an electrical 
filament is heated to a sufficiently high temperature, then a combustible gas in the surrounding air 
will burn and, hence, elevate the temperature of the filament even further. This will change the 
electrical resistance of the filament. By arranging for the filament to act as one arm of a 
Wheatstone bridge circuit, its change of resistance can be sensed as a change in voltage drop or 
current that is proportional to the concentration of combustible gas. A second filament of the 
Wheatstone bridge is also exposed to the air but inhibits oxidation of the gas either by a lower 
operating temperature or catalytic poisoning. This acts as a balancing control against variations in 
the temperature, moisture content and barometric pressure of the ambient air. The device is, 
essentially, a resistance thermometer sensing the temperature of the active filament. Filament 
detectors have been available since at least the 1950's.  
 
Platinum has been used as the filament coil material as it has good resistance-temperature 
characteristics at the 900 to 1000°C temperatures required to promote the oxidation process in a 
stable manner. There are, however, severe drawbacks to platinum filament detectors. First, the 
response of the instrument is very sensitive to the geometry of the coil. Slight variations in the 
pitch of the coil caused during manufacture or due to mechanical shock produce significant 
deviations in the electrical output. Secondly, at the required high operating temperature, 
evaporation of the metal causes the cross sectional area of the wire to be reduced and, hence, 
increases its resistance. This is reflected by a slow but significant increase in bridge output for 
any given gas concentration and a zero drift in fresh air.  
 
During the 1960's, research was carried out in a number of countries to overcome the difficulties 
inherent in filament methanometers. The platinum filament was reduced to less than 1 mm in 
length and encased in a tiny bead of refractory material, such as alumina. The outside of the 
bead was coated by a thin layer of catalytic material that produces stable oxidation of methane at 
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temperatures of some 500°C. The catalysts are, typically, metal-salt combinations of palladium 
and thorium or platinum and rhodium. These beads are called pellistors or pelements (Baker,  
1969; Richards, 1970) and overcome most of the problems of the earlier filament detectors. First, 
the encapsulation of the coil makes it almost immune to mechanical damage. Indeed, further 
developments of electronic materials have enabled the coil to be eliminated. Secondly, there is no 
evaporation of the coil and, hence, near elimination of zero drift. Furthermore, the life of the unit is 
greatly increased while the reduced operating temperature requires less battery power and 
improves the safety of the instrument. The balancing or reference pellistors to compensate for air 
temperature, humidity and pressure are identical units except that the catalyst is poisoned by 
dipping it in a hot solution of potassium hydroxide. The first commercial methanometers to utilize 
pellistors appear to have been produced by Mine Safety Appliances (MSA).  
 
Modern pellistor methanometers have a high degree of reliability, and operate satisfactorily and 
continuously on mining machines within conditions of high humidity, dust and vibration. The 
bridge output signals may be used to indicate on a dial or digital register, activate audio/visual 
alarms, isolate electrical power to a machine, drive a recorder or transmit to distant devices 
through a telemetering system. However, they still retain some disadvantages.  
 
First, pellistors rely upon the oxidation process and, hence, the availability of oxygen. A good 
quality, heavy duty, pellistor will indicate increasing concentrations of methane up to 9 or 10 
percent. Beyond that, the decreasing concentration of oxygen will diminish the rate and 
temperature of catalytic oxidation giving a reduced and false reading. Pellistor methanometers 
are, in the main, manufactured for the range 0 to 5 percent. However, use in an oxygen-deficient 
and methane-rich atmosphere could, again, give a false reading - apparently within the 0 to 5 
percent scale. In some modern instruments, this promotes a warning signal or is combined with 
another mode of detection for high concentrations of combustible gas. Another possible 
consequence of repeated exposures to high concentrations of combustible gases is that 
"cracking" of a hydrocarbon gas can deposit carbon within the catalytic layer resulting in scaling 
and eventual destruction of the pellistor. The catalyst should contain an inhibitor to minimize the 
effects of cracking. The choice of refractory material that forms the bead also influences the 
degree of cracking.  
 
A second disadvantage of pellistors is that they are subject to poisoning by some other gases and 
vapours. Vaporized products of silicon compounds (greases, electrical components) or phosphate 
esters (fluid couplings) will produce permanent poisoning of pellistors while halogens from 
refrigerants or heated plastics can give a temporary reduction of the instrument output. The 
readings of pellistor methanometers should be treated with caution when such instruments are 
used downstream from a mine fire. Most of these instruments allow the ambient air to reach the 
pellistor heads by diffusing through a layer of absorbent material such as activated charcoal. This 
removes most potential poisons and also permits the instrument to be near independent of the air 
velocities generally encountered underground.  
 
A third feature of pellistor transducers is that they react to any combination of combustible gases 
that pass through the absorbent filter. The instruments used in mines are primarily calibrated for 
methane as this is the most common of the combustible gases found in the subsurface. However, 
hydrogen, carbon monoxide and ethane will also pass through simple activated filters and 
produce a response from the instrument. At 1 percent concentration of each gas, a catalytic 
combustion methanometer will indicate the readings shown on Table 11.4. The readings remain 
proportional to those given by methane up to the lower explosive limit of each gas.  
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Gas 
Methanometer reading 

percent 

methane  1.00 

carbon monoxide 0.39 

hydrogen  1.24 

ethane 1.61 

propane 1.96 
 

Table 11.4.  Approximate readings on a catalytic combustion methanometer given by a 1 percent 
concentration of each gas. 

 
Fortunately, a pellistor methanometer is unlikely to be used in concentrations of carbon monoxide 
that would be indicated on the instrument. Furthermore, hydrogen, ethane and propane all give a 
reading above that for methane. Hence, the error is on the side of safety.  
 
Example 
A methanometer used in a mixture of air and ethane gives a reading of 3.4 percent. What is the 
actual concentration of ethane? Assume that there are no other combustible gases present.  
 
Solution 
From Table 11.4, the correction factor for ethane is 1.61. Hence, 
 

 actual concentration of ethane  =  
61.1
4.3   =  2.1 per cent 

 
A useful feature of oxidation methanometers is that any given reading indicates approximately the 
same fraction of the lower flammable limit of the combustible gas being monitored. Hence, a 
pellistor methanometer would indicate 5 per cent (approximately) if any one gas from Table 11.4 
were present in a concentration equal to its lower flammable limit. The same is true of mixtures of 
the gases, enabling a pellistor methanometer to be used as an indicator of how close a gaseous 
mixture is to its lower flammable limit.  
 
 
11.4.2.2. Flame safety lamps 
 
These lamps were introduced early in the nineteenth century for the purposes of providing 
illumination from an oil flame without igniting a methane-air mixture (Section 1.2). Their use for 
illumination disappeared with the development of electric battery lamps. However, the devices 
were retained for the purposes of testing for methane and oxygen deficiency.  
 
A blue halo of burning gas over the lowered flame of the lamp becomes visible at about 1¼ 
percent methane. The size of the halo increases with methane concentration. At 2½ percent, it 
forms a very clear equilateral triangle. At 5 percent the flame spirals upwards into the bonnet of 
the lamp and either continues burning or self extinguishes in a small contained explosion. In both 
cases, the flame is prevented from propagating into the surrounding atmosphere by the tightly 
woven wire gauzes (Section 1.2). The use of the flame safety lamp for methane testing has now 
largely been replaced by pellistor methanometers as these are more accurate, reliable and safer.  
 
Some coal mining industries have retained the flame safety lamp for its ability to indicate oxygen 
deficiency (Section 11.2.2.). The height of the flame reduces progressively with oxygen content 
and is extinguished at 16 percent oxygen. However, in a methane-rich atmosphere, the flame 
may remain lit down to an oxygen concentration of 13 percent.  
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Various attempts were made to convert modified flame lamps into alarm and recording devices 
(for example, Pritchard, 1961). However, some ignitions of methane have been attributed to flame 
safety lamps that have been damaged or inadequately maintained (Strang, 1985). The flame 
safety lamp has an honourable place in the history of mine ventilation but its role is almost over.  
 
 
11.4.2.3. Thermal conductivity and acoustic gas detectors 
 
At 20°C and at normal atmospheric pressures, the thermal conductivity of methane is 0.0328 
W/m °C compared with 0.0257 W/m °C for air. This difference is utilized in some high range 
methanometers. Two heated sensors are employed, one exposed to the gas sample and the 
other retained as a reference within a sealed air-filled chamber. A sample of the ambient air is 
drawn through the instrument at a constant rate. The sample sensor cools at a greater rate due to 
the higher thermal conductivity of the methane. The change in resistance of the sample sensor is 
detected within an electrical bridge to give a deflection on the meter. Typical ranges for a thermal 
conductivity methanometer are 2 or 5 percent to 100 percent. The principle is sometimes used in 
conjunction with pellistors to provide a dual range instrument or to over-ride the falsely low 
readings that may be given by catalytic combustion detectors at high concentration (Section 
11.4.2.1.). To reduce interference from other gases, suitable filters should be employed. In 
particular, carbon dioxide gives about half the response of methane but in a negative direction. 
For use in mining, a soda lime filter is, therefore, advisable.  
 
Acoustic gas detectors rely upon changes in the velocity of sound as the composition of a sample 
varies. It is used, primarily, for high concentrations and has been employed in methane drainage 
systems.  
 
 
11.4.2.4. Optical methods 
 
These subdivide into three groups. Interferometers utilize the refraction of light that occurs when 
a parallel beam is split, one half passing through the sample and the other through a sealed 
chamber containing pure air. The two beams are recombined and deflected through a mirror or 
glass prism arrangement for viewing through a telescope. The optical interference between the 
two beams causes a striped fringe pattern to appear in the field of view. This typically takes the 
form of two black lines in the centre with red and green lines on both sides. The fringe moves 
along a scale in proportion to the amount of gas present. Rotational adjustments of one of the 
deflecting prisms can be read on a vernier and added to the optical scale in order to widen the 
range of the instrument. Interferometers are sensitive to the presence of other gases and 
appropriate filters should be used when necessary. Hydrogen gives a negative response with 
respect to methane. At equal concentrations of the two gases, the reading is near zero. Carbon 
dioxide and methane give similar responses. For air containing both carbon dioxide and methane 
two readings are taken, one with a soda lime filter to remove the carbon dioxide and gives the 
methane concentration only, and the second without that filter. The difference between the two 
readings is an indication of the carbon dioxide concentration. The effects of other gases render 
the interferometer unsuitable for situations where the composition of the sample is dramatically 
different from that of normal air, for example, afterdamp, downstream from fires or samples taken 
from behind seals.  
 
The nondispersive infra-red gas analyser is one form of absorption spectrometer that is frequently 
used for mine gas analysis. Identical beams of slowly pulsating infra-red radiation pass 
through two parallel chambers, one containing a gas that does not absorb infra-red 
(typically nitrogen) and the other fed by a stream of the sample. The pulsations of 3 to 4 Hertz 
may be achieved electronically or by a rotating chopper arrangement. Beyond the sample and 
reference chambers is a two-compartment sealed container (detector unit) filled with a pure 
specimen of that particular gas which is to be detected. Detector units can be interchanged to 
determine the concentrations of different gases. The two compartments of the detector unit are at 
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the same nominal pressure and are separated by a flexible diaphragm. The pulses of infra-red 
radiation are directed sequentially into the two sides of the detector unit, heat the contained gas 
and, hence, raise its pressure. However, the beam that has passed through the sample chamber 
has already been partially absorbed at the relevant wavelength by molecules of the sought gas. 
Hence, the pulses of pressure induced in that corresponding side of the detector unit are 
weakened. The amplitude of the vibrating diaphragm is sensed by an electrical capacitor and 
translated electronically to an output signal. Infra-red gas analysers are employed primarily at 
fixed monitoring stations or laboratories. However, portable versions are available.  
 
Laser spectroscopy is another means of air analysis that has considerable potential for 
subsurface application. There are two systems that can be employed. One is the differential 
absorption unit (DIAL system) in which two similar lasers are used, one tuned to the absorption 
wavelength of the gas to be detected, and the other to a slightly different wavelength. The two 
laser beams pass through the sample gas stream and are reflected back to a single receiver unit. 
The difference in the two signals is processed to indicate the concentration of the gas being 
monitored. The employment of a reference beam eliminates the effects of dust, humidity or other 
gases. (Holmes and Byers, 1990).  
 
The second laser technique for gas analysis is the light detection and ranging (LIDAR) method 
which depends upon the Raman effect. When a gas is excited by monochromatic radiation from a 
laser, a secondary scattered radiation is produced. The spectrum of this scattered radiation can 
be analysed to indicate the concentrations of the gases that caused it.  
 
The attraction of laser techniques for mine air sampling is that the laser beams may be directed 
across or along subsurface openings to give continuous mean analyses for large volumes of air. 
Furthermore, the lasers can also be used to monitor air velocity.  
 
 
11.4.2.5. Electrochemical methods 
 
Very small concentrations of many gases can be detected by their influence on the output from 
an electrochemical cell. There are two primary types, both based upon oxidation or reduction of 
the gas within a galvanic cell. The cell has at least two electrodes and an intervening electrolyte. 
In the polarographic or voltametric analyser, a voltage from an external battery is applied across 
the electrodes in order to induce further polarization (or retardation) of the electrodes. The gas 
sample is supplied to the interface between the electrolyte and one of the electrodes (the 
"sensing electrode”). This may be accomplished by diffusion of the sample gas through a 
hollowed and permeable sensing electrode. The electrochemical reaction at the 
electrode/electrolyte interface changes the rate at which free electrons are released to flow 
through the electrolyte and be collected by the "receiving electrode". For example, in a sulphur 
dioxide electrochemical analyser, the oxidation is as follows:  
 
 SO2 + 2H2O → SO4 –2 + 4H+ + 2e– 
 
The resulting change in electrical current is proportional to the concentration of sulphur dioxide in 
the sample.  
 
In amperometric cells, the gas reacts directly with the electrolyte and, hence, enhances or 
reduces the current produced. Both types of cell are subject to interference by other gases. This 
is minimized by appropriate selection of the materials employed for the electrodes and electrolyte, 
the polarizing voltage applied to the polarographic cells and a suitable choice of filters.  
 
Electrochemical cells may indicate the partial pressure rather than the concentration of a gas. 
These require the zero to be reset when taken through a significant change in barometric 
pressure - as will occur when travelling to different levels in a mine. Another disadvantage of 
electrochemical analysers is that they can become temporarily saturated when exposed to high 
concentrations of gas. The recovery period may be several minutes.  
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11.4.2.6. Mass spectrometers 
 
In these instruments, the gas sample passes through a field of free electrons emitted from a 
filament or other source. Collision of the electrons with the gas molecules produces ions, each 
with a mass/charge ratio specific to that gas. The ions are accelerated by electromagnets and 
then pass through a magnetic deflection field which separates them into discrete beams 
according to their mass/charge ratios. The complete mass spectrum can be scanned and 
displayed on an oscilloscope or the signals transmitted to recorders.  
 
 
11.4.2.7. Paramagnetic analysers 
 
Oxygen is one of the very few gases that are paramagnetic, i.e. it aligns itself as a magnetic 
dipole in the presence of an applied magnetic field and, hence, creates a local anomaly within 
that field. This property is utilized in a paramagnetic oxygen analyser. A weak permanent dumb-
bell magnet is suspended against a light applied torque within a non-uniform magnetic field. One 
end of the dumb-bell is encapsulated within a bulb of nitrogen while the other end is exposed to 
the gas sample. A rotation of the magnet is induced as the oxygen content of the sample varies. 
The movement is amplified optically or electrically for display or recording.  
 
 
11.4.2.8. Gas chromatography 
 
 Gas chromatographs are used widely for the laboratory analysis of sampled mixtures of gases. 
Portable units are also manufactured. An inert carrier gas is pumped continuously through one or 
more columns (or coils) which contain gas adsorbents. The latter may be granulated solids or 
liquids. A small pulse of the sample gas mixture is injected into the line upstream from the 
columns. The constituent gases are initially adsorbed by the column materials. However, the 
continued flow of the carrier gas causes subsequent desorption of each gas at a time and rate 
dependent upon its particular adsorption characteristics. The result is that the gases leave the 
adsorbent columns as discrete and separated pulses. Their identification and measurement of 
concentration is carried out further downstream by one or more of the detection techniques 
described in this section.  
 
 
11.4.2.9. Semiconductor detectors 
 
One of the more recent techniques introduced for gas detection involves passing the sample over 
the surface of a semi conducting material which is maintained at a constant temperature. 
Adsorption of gas molecules on to the surface of the semiconductor modifies its electrical 
conductance. Selectivity of the gas to be detected may be achieved by the choice of 
semiconductor and the operating temperature. However, filters may be necessary to avoid 
interference or poisoning from other airborne pollutants. Coupled with the development of thin film 
technology, the semiconductor technique holds promise for increased future utilization.  
 
 
11.4.2.10. Stain tubes 
 
Stain tubes are used widely for a large variety of gases. They are simply glass phials containing a 
chemical compound that changes colour in the presence of a specified gas. The phials are sealed 
at both ends. To carry out a test, the ends are snipped open and a metered volume of sample air 
pulled through at a constant rate, usually by means of a simple hand pump. The concentration of 
gas is estimated either from the length of the stain or by comparing the colour of the stain with a 
chart. Despite the lack of precision, stain tubes are used extensively in practice because of their 
simplicity, portability and low cost.  
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11.4.3. Methods of sampling 
 
The methods of sampling for subsurface gases vary from judicious positioning of the human nose 
to sophisticated telemetering systems. The techniques most commonly applied can be divided 
into two classes: (a) manual and (b) automatic or remote.  
 
 
11.4.3.1. Manual methods 
 
The locations and times at which hand-held equipment should be employed to measure methane 
concentrations in gassy mines are normally mandated by the governing legislation. These include 
pre-shift inspections by qualified persons prior to entry of the work force, and at intervals of some 
twenty minutes throughout the shift on a working face.  
 
The instruments that are most widely used for manual detection and measurement are catalytic 
oxidation methanometers, oxygen deficiency meters and stain tubes. Multiple gas instruments are 
commonly em
carbon dioxide will tend to pool in low lying areas.  

ployed. Ligh
carbon dioxide will tend to pool in low lying areas  Hence, measurements should be taken in  

t gases, including methane, are most likely to collect at roof level while 

those locations in addition to within the general body of air. Extension probes provide a means of 
drawing a sample from a location that is unsafe or out of reach.  
 
Grab samples are volumes of air or gas mixtures that are collected in sample containers 
underground for subsequent laboratory analysis. Typically, the sample is drawn into a metal or 
plastic container by means of a hand-operated pump or by water displacement. This is usually 
the method employed for retrieving samples from behind seals or stoppings. The sample pipe 
should extend far enough beyond the seal to prevent contamination by air that has “breathed” 
through the seal during preceding periods of rising barometric pressure. Sufficient gas should be 
drawn from the pipe prior to sampling in order to ensure that the captured gas is representative of 
the atmosphere beyond the seal. Care should be taken to prevent loss or pollution of the sample 
caused by pressure changes as the container transported to the surface. The gas seals on the 
containers should be well maintained and samples should be sent to a laboratory for expeditious 
analysis.  
 
Personal samplers are devices that are worn continuously by personnel while at work. The 
simplest are badges that change colour in the presence of selected gases or radiation. More 
sophisticated samplers for dust or gases draw power from either an internal battery or a cap lamp 
battery. Personal gas samplers may emit audio-visual alarm signals when a preselected 
concentration of gas is exceeded.  
 
 
11.4.3.2. Automatic and remote monitors 
 
Permanent environmental monitors may be sited at strategic locations throughout a subsurface 
ventilation system. The gases most frequently subject to this type of monitoring are methane, 
carbon monoxide and carbon dioxide. Other gases may be monitored in workshops, storage 
repositories and for special applications such as hydrogen at the roofs of battery charging 
stations. Environmental monitors in an underground repository for nuclear waste must also be 
provided to detect airborne radionuclides.  
 
Permanent monitors should be mounted at strategic locations chosen on a site-specific basis. 
However, it is prudent to site transducers at the intake and return ends of working areas and at 
intervals along return routes. Carbon monoxide sensors mounted at intervals along conveyor 
roads provide an earlier warning of fire than temperature-sensitive devices.  
 



Gases in the Subsurface                                                                               Malcolm J. McPherson 

 11-27

In addition to providing local audio-visual alarms, an environmental monitoring system operates 
most effectively when it is integrated into a telemetering network. The signals from gas, airflow, 
pressure and temperature transducers are transmitted to a remote computer and control station, 
usually on surface, where those signals are analysed for trends, recorded on magnetic media, 
operate alarms when appropriate and, possibly, generate feedback control signals to fans, doors 
or motorized regulators. (See, also, Sections 9.6.3 and 9.6.4.) Monitors at critical locations such 
as booster fans should be installed as dual or, even, triple units to safeguard against instrument 
failure. Rechargeable batteries can provide backup in the event of a cut in electrical power. A 
system of planned maintenance should be implemented in order to ensure continuous and 
reliable operation. A computer-controlled telemetering system should be capable of detecting and 
identifying failed monitors.  
 
Machine mounted gas monitors should be provided on rock breaking equipment to test for 
methane in coal and other gassy mines. These devices must be particularly rugged in order to 
remain operational when subjected to dust, water sprays, vibration and impact. Machine-mounted 
methanometers should not only provide audio-visual warnings but also be connected such that 
the electrical power supply to the machine is isolated when the methane concentration reaches 
one percent (or other concentration as required by the relevant mining legislation). Here again, 
machine-mounted monitors may be integrated into a mine telemetering system.  
 
Tube bundle systems are a slower alternative means of remote sampling. Air is drawn through 
plastic tubing from chosen locations in the mine to monitoring stations which may be located 
either underground or on surface. At a monitoring station, automatic valves on the tubes are 
operated in a cyclic manner in order to draw samples from the tubes sequentially, and to pass 
those samples into gas detection units. The latter are often infra-red analysers (Section 11.4.2.4.) 
connected in series to monitor the concentrations of each of the required gases. A gas pump on 
each tube maintains continuous flow. However, the main disadvantage of the tube bundle system 
is the travel time of the gas between entering a tube and analysis. It is recommended that this 
should not exceed one hour. While surface monitoring stations are preferred, workings distant 
from shaft bottoms may necessitate local underground stations. Tube bundle systems are not 
suitable for emergency situations that occur quickly such as an equipment fire. However, they 
have proved valuable for the identification of longer term trends including incipient spontaneous 
combustion.  
 
The tubes should be fitted with dust filters and water traps. Variations of temperature and 
pressure may cause condensation as the air passes through the tubes. Care must be taken 
during the installation of a tube bundle system, particularly at joints, as leaks are difficult to detect 
and locate. An important advantage of the system is that it requires no electrical power inby the 
monitoring station. Hence, it remains operational when sampling from behind seals or when no 
electrical supply is available.  
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