
Small Scale Study of the Role of The Muckpile in the 
Blasting Fumes of Commercial Explosives 

 
 

By 
 

Kerina Ruth Taylor 

 

 

A thesis submitted to the Graduate Program in Mining Engineering 

in conformity with the requirements for the 

Degree of Master of Applied Science. 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

September 2015  

Copyright © Kerina Ruth Taylor, 2015 



i 
 

Abstract 

Blasting fumes are an important safety topic for the mining industry because toxic fumes are generated 

by the detonation of explosives.  Prediction of the amount and concentration of blasting fumes is 

important for underground mines to provide enough ventilation to ensure worker safety.  The production 

of toxic fumes in open pit mines is a significant hazard to workers and surrounding communities because 

fumes are easily able to travel from the blast zone with wind.  An important hazard often overlooked is 

the potential for blasting fumes to remain trapped in the blasted material until it is handled or for the 

fumes to slowly escape to the atmosphere. 

The present investigation into blasting fumes examines the real time concentrations of the fumes 

produced after detonation using a continual gas analyzer.  The fumes analyzed were nitrogen oxide, 

nitrogen dioxide, carbon monoxide and carbon dioxide. The first set of experiments studied the effect of 

accepted factors affecting fume production, mainly product formulation and confinement. The second set 

of experiments simulated fumes travelling through blasted material in an attempt to measure the portion 

of fumes that remain trapped after detonation and to observe the fume output over a long amount of 

time.  This improves on previous studies by analyzing the sample continuously throughout the period of 

concern, instead of obtaining few discrete samples that require offsite analysis.  

The results show product formulation and type are major factors of toxic fume production.  Emulsion 

explosives produced very little toxic fumes and ANFO, no matter the composition, would always produce 

some amount of toxic fume.  On average, ANFO produced 4.5 times the amount of CO and 7.5 times the 

amount of NO2 as compared to the emulsion explosive. In the case of ANFO, confinement has a significant 

effect on toxic fume production. The set of experiments on fume entrapment indicated significant 

amounts, up to 70%, of blasting fumes are trapped in the muckpile and are released when the muckpile 

is disturbed, presenting potential health hazards to workers in the area. 
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Chapter 1 Introduction 

In today’s mining industry, commercial explosives are an integral part of the mining process.  They offer a 

cost efficient means of breaking the rock to meet the continually higher production demands.  The 

detonation of explosives, however, unleashes a spectrum of fumes into the mine workings, some of which 

are toxic.  Exposure to these fumes is a serious hazard to mine workers and is only escalating as more 

explosives are used in larger scale mining methods.  This hazard is present in both underground and open 

pit mine environments and must be curtailed to insure worker safety. 

In Canada, the main concern lies in predicting the types and amounts of blasting fumes produced in an 

underground mine environment.  To dilute the contaminated air, the mine’s ventilation system is used to 

provide fresh air to the blast area after the detonation occurs.  If the post-blast ventilation and re-entry 

times required could be calculated based on the amount and type of explosive used in a practical manner, 

this would optimize worker safety and production. However, due to the variability of environmental 

conditions, the high likelihood of a non-ideal detonation and the uncertainty of the detonation products 

as they expand from detonation state to atmospheric conditions, it is difficult to estimate the 

characteristics of an individual blast’s fume output so the re-entry times err on the side of caution to 

insure safe air for the workers. 

In parts of the United States and Australia, there is a lot of concern regarding the generation of toxic fume 

clouds from open pit coal mines (Explosives Inspectorate, 2009; Roberts, 2008; Eltschlager, et al., 2001) 

and relevant case studies, where human health has been impacted, are reviewed in “Chapter 2.2.1”.  The 

amount of explosives used in open pit mines is much larger than underground mines. Localized clouds of 

very high concentrations of toxic fumes may be formed due to blasting and can travel outside of the blast 

zone.  This is a threat to mine worker safety as well as the safety of residents in neighbouring towns.  
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Estimating the fume production from blasts at mines, underground and open pit, is of utmost importance 

in order to guard worker health and minimize lost production time. 

Ideally, the composition of the gases produced can be calculated with thermodynamic equations based 

on the initial products of detonation, or the chemical composition of the explosive to be used.  

Unfortunately, the performance of commercial explosives is impacted by the mining environment and 

application conditions, such that achieving accurate fume prediction is unrealistic.  The change in the 

composition of these explosives as they are contaminated by materials in boreholes, the effect of 

confinement offered by the surrounding rock and the reaction of post detonation products with 

atmospheric air are not considered in equilibrium thermodynamic codes.  These codes are designed to 

predict ideal performance, which is not affected significantly by marginal fume concentrations; however, 

small deviations in the fume product spectrum can greatly change the toxicity of the fumes.  There have 

been studies of post-blast fumes immediately following detonation but little research has been done into 

the long-term concentrations of fumes. Following detonation, the fumes react with the environment; for 

example nitrogen oxide will undergo secondary oxidation in the air to form nitrogen dioxide.  The 

formulation and concentration of different products will depend on the environment present and the time 

that has passed since detonation.   

The purpose of this experimental research thesis is to further the understanding of post-blast fume 

concentrations by measuring toxic fume concentrations from the point of detonation to the time 

atmospheric conditions return and to examine the potential entrapment of fumes in broken rock masses.  

This study builds on previous studies by gathering continuous data in order to more accurately determine 

the fume concentrations released into the environment and trapped in the muckpile.  To investigate the 

effect of explosive performance parameters, a series of tests were undertaken. Tests using ANFO with 

different particle size distributions and changing the ratio between ammonium nitrate and fuel were 
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performed to investigate the effect of composition. Tests using differing degrees of confinement, which 

included steel, copper and aluminium pipes were done to investigate the effect of confinement.  ANFO 

and emulsion explosives were compared to investigate the change of explosive type. The experimental 

setup was designed to simulate mining environments as much as practically possible.  To adjust the 

composition of the explosives, the chemical balance was varied and common additives were analyzed as 

well. A series of testing to allow for the entrapment of fumes in rock was also conducted; explosives were 

detonated in containers of limestone gravel to simulate broken rock.  

Chapter 1 summarizes previous research into this area of study including the chemistry of a blast, past 

incidents involving blasting fumes and previous experimental data pertaining to this investigation. Chapter 

2 explains the study method used to gather the results on fume output.  Chapter 3 demonstrates the 

results obtained in the different experiments carried out, and Chapter 4 recapitulates these results in a 

discussion of the effects seen by the explosive composition, the confinement offered on the explosive and 

the entrapment of fume in a muckpile. 
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Chapter 2 Previous Research 

A literature review of previous work done on the subject of the production of blasting fumes was 

completed and is broken down into four categories.  They entail the overview of the chemistry of a blast, 

the historical background, laboratory experiments performed and lastly, in the field measurements at 

mine sites of detonation fumes.  Any fume concentration results are tabulated to provide a summary of 

the extent of publicly available data. 

2.1 Chemistry of a Blast 

2.1.1 Classification 

Explosive is a term that encompasses any chemical mixture that will spontaneously react and rapidly 

release high amounts of energy and gases.  Explosives are comprised of components containing carbon, 

hydrogen, nitrogen and oxygen and other additives.  The chemical decomposition of explosives is either 

a detonation or deflagration initiated by shock, impact or heat.  Detonation occurs when the reaction 

takes place at a rate greater than the speed of sound and deflagration is at speeds lower than this.  This 

is one of the splits in classifying explosives; while “high” explosives will detonate and provide shock energy 

and great force in the form of high gas pressure, “low” explosives will deflagrate or burn.  Deflagration is 

the passing of a flame front through the material; gun-powders and pyrotechnics are examples of low 

explosives.  Detonation is accompanied by the propagation of a high-speed shockwave through the 

explosive and these “high” explosives are further divided into classes based on their sensitivities. 

Primary explosives are extremely sensitive to any level of stimuli from heat, impact, friction or electricity.  

These types of explosive compounds are used in detonators, blasting caps and primers and very small 

amounts can be initiated easily to, in turn, initiate a much larger amount of less sensitive explosives.  Lead 

azide is the most commonly used primary explosive because it has a high ignition temperature and 

moisture will not reduce its impact sensitivity (Naval Sea Systems Command, 1995). 
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Secondary explosives are less sensitive to initiation than primary explosives and are therefore, much safer 

to transport, store and handle.  They are, however, usually more powerful than primary explosives once 

initiated, and are used in booster products.   Boosters that have a blasting cap inserted are called primers.  

Various military grade secondary explosives can be initiated by a detonator and are deemed cap-sensitive; 

most commercial grade secondary explosives are not cap-sensitive (Marshall & Oxley, 2009). Some 

common secondary explosives are RDX and TNT.  A third category, tertiary explosives, or more commonly, 

blasting agents are very similar to secondary explosives in their strength; however they are extremely 

insensitive and must employ an explosive train to detonate.  This is a key safety aspect and most 

commercial explosives, such as ANFO and emulsions, are classified as blasting agents.  For example, a 

large quantity of ANFO will be initiated by a pentolite booster which is first initiated by a blasting cap 

containing lead azide whose detonation can be initiated by flame or an electrical signal; this is illustrated 

in Figure 1.  The majority of the detonation products are formed by the detonation of the tertiary 

explosive, which typically depends on the conditions of use such as the diameter of the charge and its 

confinement. 

 

Figure 1: An example of an explosive train in a typical borehole (Office of Technology Transfer, Office of Surface Mining, U.S. 
Department of the Interior, 2008) 
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2.1.2 Detonation 

The classical theory of detonation using thermohydrodynamic laws predicts the maximum, or ideal, 

performance of an explosive.  These calculations are used to model the optimum composition of the 

explosive in order to maximize performance, defined as energy yield, detonation velocity or detonation 

pressure.  At explosion state, defined here as the state when the products of detonation have expanded 

to the initial density of the explosive, the Cheetah thermodynamic code (Fried, et al., 1998) predicts the 

detonation products in litres of gas per kg of ANFO (94% AN – 6% FO) in Table 1.  These minor products 

of detonation are typically not a concern 

Table 1: Thermodynamic prediction of detonation products of 94-6 ANFO (Fried, et al., 1998) 

Products H2O N2 CO2 CO H2 

L/kg 600.3 262.8 91.6 4.7 16.1 

 

 However, because thermohydrodynamics assume a complete reaction between the reactants in the 

explosive mix, it cannot predict non-ideal performance which is typically the case in commercial blasting.  

The detonation parameters depend on the diameter of the explosive and the confining material, and 

consequently, any change of detonation products due to non-ideal performance of the explosive, cannot 

be predicted.  

Cook’s (1958) detonation model is a simplification of the processes during detonation and applies to 

explosives in a cylindrical shaped charge.  This represents how the majority of explosives are applied 

today.  As is shown in Figure 2, a detonation wave travels from the primer along the axis of the unconfined 

charge. This wave promotes the exothermic detonation reactions within the charge. Where the 

detonation wave passes through, high pressure gases expand backwards and sideways into the 

surrounding air.  During this expansion, a rarefaction wave travels down the charge behind the detonation 
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wave.  The area that is behind the detonation wave but in front of the rear and lateral rarefaction waves 

is defined as the detonation head. 

 

Figure 2: Cook's model of the development of the detonation head (Katsabanis, 2008) 

Upon entering the detonation head, the explosive will react, and the energy liberated supports further 

detonation along the charge.  If the reaction does not complete inside of the detonation head, less than 

the maximum energy available will be released.  Consequently, the velocity of detonation is also less than 

the maximum possible.  This is what constitutes non-ideal detonation.  While prediction of major 

detonation products is accurate when ideal detonation occurs, there is little information on the products 

of non-ideal detonation which is common in mining applications (Katsabanis, 2008). 

2.1.3 Reactants 

In today’s mining industry, the most commonly used, and least expensive explosive is Ammonium Nitrate 

- Fuel Oil (ANFO).  The ammonium nitrate (AN) comes in prill form that is specifically formed for blasting.  

The prills are 1 to 2 mm in diameter and have a porosity of 8 to 12 %.  The fuel oil (FO) used is regular No.2 

diesel fuel and during mixing, this is absorbed into the prills.  The optimum composition for ANFO is found 

to be 94.5% AN and 5.5% FO by weight to maximize its energy output and minimize toxic fume production 



 

8 
 

(Katsabanis, 2008).  In practice, the ratio is about 94-6, to ensure the complete reaction of the nitrate.  An 

ANFO mix with less than 94% oxidizer, AN, will result in an oxygen deficiency, which will lead to the 

formation of carbon monoxide and very little oxides of nitrogen, if any at all. Oxygen excess results in 

more production of oxides of nitrogen and less carbon monoxide (AEISG, 2011). In terms of energy, It is 

also associated with significantly less heat of detonation, another reason such compositions are avoided. 

This relationship is examined in “Chapter 2.3” of this thesis. 

ANFO is highly hygroscopic and its performance is greatly dependent on a dry detonation environment; 

in fact, the main drawback to the use of ANFO in a mining environment is its significant decline in 

performance with any water adsorbance.  Despite this, ANFO remains the most used explosive because 

of its safety, ease of loading, availability and price.  The sensitivity of ANFO is also affected by particle size, 

the intimacy of mixing, composition and the density (Katsabanis, 2008). These same parameters affect its 

performance, of which velocity of detonation is a good indicator. However velocity of detonation does 

not provide any information on the products of detonation formed.  Some of these parameters are 

examined in this thesis in an effort to capture the relationship between the products of detonation and 

explosive performance, or velocity of detonation.  The ideal chemical reaction of the detonation of ANFO 

at the stoichiometric composition is shown in Table 2; all products are in gaseous forms. Thus, under ideal 

conditions and at a stoichiometric composition, ANFO should not produce products causing any concern 

to health and safety. 

37 NH4NO3 + C12H26  87 H2O +37 N2 + 12CO2 

 

Table 2: Properties of ANFO in an ideal detonation (Fried, et al., 1998) 

Bulk density 0.82 – 0.95 g/cc 

Velocity of Detonation (Ideal) 5,200 – 5,740 m/s 
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Emulsion explosives were developed in the 1970’s as an improvement on water gel and slurry explosives.  

They are comprised of oxidizer salts, an oil phase and an emulsifying agent.  The salts are ammonium, 

calcium and/or sodium nitrates which are broken up into micron-sized droplets and form a discontinuous 

phase.  The oil phase consists of diesel fuel and other mineral oils which may include sensitizers such as 

microballoons (Office of Technology Transfer, Office of Surface Mining, U.S. Department of the Interior, 

2008).  Emulsion explosives are water resistant because the oxidizer phase, which is susceptible to water 

attack is suspended and completely enclosed in the continuous oil phase.  No water can get in or out 

through the oil phase, and unlike ANFO, emulsions do not need a protective plastic covering in order to 

be used in wet environments.  Because of their small particle size and more continuous mixture, emulsion 

explosives possess high explosive strength and even at small diameters, the velocities of detonation reach 

those calculated by the thermohydrodynamic theory, demonstrating near ideal performance as shown in 

Table 3.  Emulsions display many other positive qualities such as good transport and handling safety and 

long shelf life (Katsabanis, 2008). 

Table 3: Properties of emulsion in an ideal detonation (Fried, et al., 1998) 

Bulk density 1.15 – 1.45 g/cc 

Velocity of Detonation 6,100 – 7,300 m/s 

 

2.1.4 Products 

The products of detonation are mostly gaseous and they can be considered as products of chemical 

equilibrium. Even at ideal performance, fumes may not be predicted accurately.  There are three main 

reasons for this: codes are designed to model ideal performance, which is related to the main products of 

detonation, products are modified as they expand from detonation state to atmospheric conditions and 

products may react with atmospheric gases when they are mixed with them.  
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2.1.4.1 Toxicology of Common Combustion Fumes (Wakefield, 2010) 

The combustion of most organic materials forms an array of gaseous products, depending on the nature 

of the materials involved and the nature of the combustion reaction itself.  The gaseous products are 

classified based on their toxicity into two main classes.  The first is any gas that causes oxygen depletion 

and these gases are called asphyxiants.  The other main class is composed of irritant gases; these cause 

irritation to the senses (eyes, nose, mouth, throat) or the pulmonary system.  Most irritant gases will cause 

symptoms in both the senses and the lungs. 

The main asphyxiant gases which are produced from the combustion of organic materials are carbon 

monoxide, hydrogen cyanide and carbon dioxide (Wakefield, 2010).  A complete reaction, such as an ideal 

detonation of ANFO should only produce carbon dioxide, nitrogen gas and water vapour; none of which 

will be at hazardous concentrations.  Asphyxiants diminish the capability of blood to carry oxygen, which 

can depress the central nervous system causing narcosis. Higher exposures can result in tissue hypoxia 

which may lead to unconsciousness and in time, death.  These gases are further split into simple and 

chemical asphyxiants.  Carbon dioxide, nitrogen and methane are examples of simple asphyxiants because 

they are physiologically inert and once inhaled, simply displace the oxygen from the lungs, resulting in 

tissue hypoxia. Carbon monoxide and hydrogen cyanide are examples of chemical asphyxiants because 

they affect specific elements in the chemical process of the blood’s transport of oxygen. 

Irritant gases produced by combustion are sub-categorized by chemical composition into inorganic acid 

gases, organic and inorganic irritants.  Modern blasting will typically produce inorganic acid irritants, the 

most common being oxides of nitrogen and organic gases such as methane.  Sulphur dioxide and hydrogen 

sulphide can also be produced if using sulphur based dynamites or if blasting is done in rock containing 

sulphur.  The effects of irritants on the human body vary depending on the composition, concentration, 

duration of exposure and the solubility of the gas(es) involved.  Commonly, sensory irritation will occur 
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with a noticeable burning sensation of the eyes, nose mouth and throat.  With continued inhalation, the 

lungs will become irritated and coughing will ensue.  Serious exposures can result in pulmonary oedema 

and death could occur anywhere from 6 to 48 hours after the exposure (Hartzell, 1996).  

2.1.4.2 Occupational Health and Safety 

Because the fumes produced by blasting are found in industrial workplaces, they are classified and defined 

by occupational health and safety laws.  In Ontario, Canada, the current Occupational and Health Safety 

Act uses the threshold limits published by the American Conference of Governmental Industrial Hygienists 

(ACGIH) in their publication entitled “2009 Threshold Limit Values and Biological Exposure Indices” 

(ACGIH, 2009).  Threshold limit values (TLV) are commonly expressed as “TWA” or “time-weighted 

average” limits or “STEL” or “short-term exposure” limits.  The TWA is the “airborne concentration of a 

biological or chemical agent to which a worker may be exposed in a work day or work week” (Ontario 

Ministry of Labour, 2010). The STEL means the “maximum airborne concentration of a biological or 

chemical agent to which a worker may be exposed in any 15-minute period” (Ontario Ministry of Labour, 

2010).  Ceiling limits often correlate with the STEL of a particular agent. Exposure is simply defined as an 

exposure by inhalation, ingestion, skin absorption or skin contact (Ontario Ministry of Labour, 2010). 

The National Institute for Occupational Safety and Health (NIOSH, 1994) in the US includes a third limit 

termed “Immediately Dangerous to Life or Health” (IDLH).  These are often higher than the ceiling limits 

used by the ACGIH.  All exposure limits given in the following sections are the TWA and STEL limits defined 

by the current Occupational Health and Safety Act of Ontario and the IDLH value given by NIOSH. 

2.1.4.3 Most Common Blasting Fumes 

Carbon Monoxide 

One of the principal gases to be produced from incomplete or a fuel rich detonation, carbon monoxide 

(CO) is quite hazardous.  It is an asphyxiant, flammable and explosive and due to its lack of odour, taste 
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or colouring, it is difficult to detect without electronic equipment.   Carbon monoxide is readily flammable 

in oxygen and is explosive in air when it is at concentrations between 12.5% to 74% (United States Mine 

Rescue Association).   It is slightly lighter than air with a specific gravity of 0.968 and is not very soluble in 

water (Air Liquide, 2009).  Common sources of CO are diesel engine equipment, blasting and fires; and 

the gas is formed through an incomplete combustion due to lack of oxygen.  Exposure is through 

inhalation and its toxicity is due to its effect on the hemoglobin protein present in red blood cells.  

Responsible for carrying oxygen from the lungs to other tissues throughout the body, hemoglobin is more 

easily attracted to carbon monoxide molecules and will form carboxyhemaglobin (COHb).  Therefore when 

carbon monoxide is present in the lungs, one will suffer from hypoxia because the needed oxygen supply 

cannot be delivered through the blood.  Even low concentrations can produce dizziness, drowsiness and 

headaches; whereas higher concentrations can lead to nausea, vomiting, loss of consciousness and death.  

These are summarized in Table 4 (Goldstein, 2008). 

Table 4: Carbon monoxide poisoning signs and symptoms (Goldstein, 2008) 

CO concentration COHb level Signs and Symptoms 

35 ppm < 10% Headache and dizziness within 6 to 8 hours of constant exposure 

100 ppm > 10% Slight headache in 2 to 3 hours 

200 ppm   20% Slight headache within 2 to 3 hours; loss of judgment 

400 ppm   25% Frontal headache within 1 to 2 hours 

800 ppm   30% 
Dizziness, nausea, and convulsions within 45 min; insensible 

within 2 hours 

1,600 ppm   40% 
Headache, dizziness, and nausea in 5 to 10 min; death within 30 

min 

3,200 ppm   50% 
Headache, dizziness, and nausea in 5 to 10 min; death within 30 

min 
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6,400 ppm   60% 
Headache and dizziness in 1 to 2 min; convulsions, respiratory 

arrest, and death in less than 20 min 

12,800 ppm > 70% Death in less than 3 min 

 

The ACGIH threshold limits for carbon monoxide that are regulated by the Ontario Ministry of Labour are 

25 ppm for an 8 hour TWA and 100 ppm as the STEL for any worker (Ontario Ministry of Labour, 2010).  

The IDLH value given by NIOSH is 1200 ppm (NIOSH, 1994). 

Carbon Dioxide 

Every blast will produce carbon dioxide (CO2) but it is very uncommon to be in amounts that are 

considered toxic.  When a balanced detonation goes to completion, all oxygen and carbon will form CO2.  

One potentially hazardous effect CO2 has on the body is to increase the breathing rate when it is present 

in the air in higher than normal concentrations.  This would increase the rate at which any other toxic 

fumes would be inhaled.  It is colourless and odourless and only has a light acidic taste at high 

concentrations.  It has a specific gravity of 1.5, is not very soluble in water and is not flammable or 

explosive. 

The TWA for an 8 hour shift is 5,000 ppm and the STEL is 30,000 ppm for any worker (Ontario Ministry of 

Labour, 2010). 

Oxides of Nitrogen 

Oxides of nitrogen are common products of combustion reactions and are inorganic acid gases.  When 

there is an excess of oxygen present, it will react with the nitrogen to form oxides of nitrogen.  The most 

common are nitric oxide (NO) and nitrogen dioxide (NO2); these are commonly referred to as NOx gases.  

NO is formed first and then, depending on the availability of oxygen, the NO will slowly be further oxidized 

to NO2.   
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The amount of NOx formed is dependent on the explosive used, the loading conditions, the host rock as 

well as anything else affecting the completeness of the detonation reaction itself. The most common 

explosives used today are nitrate based, such as ANFO and are the main source of nitrogen during the 

detonation process.  If the loading conditions are wet, this can alter the explosive composition being used 

and an incomplete reaction will occur, leading to the production of NOx.  If sufficient temperatures are 

reached, it is possible for naturally occurring nitrogen (coal, air) to react with excess oxygen to form 

nitrogen oxides. 

NO 

NO is a colourless gas with no water solubility and has a similar density as air.  It usually will only be found 

close to the blast and will irritate the eyes and upper respiratory tract. It is less toxic than NO2, but because 

of its low solubility, will travel further into the lungs and symptoms may not manifest themselves for hours 

after inhalation. 

NO2 

At high temperatures, NO2 has a dark red-brown colour, but at lower temperatures, NO2 dimerizes 

through N-N bond formation to N2O4 and the colour fades.  At room temperature, NO2 and N2O4 are in 

equilibrium and a light yellow-orange colour remains.  The colour darkens as the concentration of NO2 

intensifies.  This equilibrium is commonly referred to simply as NO2, and falls under the NOx classification.  

Both gases exhibit similar properties.  NO2 has a sharp-sweet odour, is heavier than air with a specific 

gravity of 1.6 and reacts in water to form nitric and nitrous acid.  It is a severe irritant to the eyes and 

upper respiratory tract upon exposure.  Asthmatics are very susceptible to NO2 because their airways are 

easily affected by irritants (Jacobs Ranch Coal Company, 2001). Significant airway resistance due to a 

tightening of the respiratory tract is found at low exposure levels in healthy individuals (WHO, 1997).  

Other symptoms at these low concentration levels are coughing, difficulty breathing, headache, nausea, 
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vertigo and fatigue (Wakefield, 2010).  High concentrations can lead to severe eye damage, pneumonia, 

closed airways, pulmonary oedema and death. It is important to note, that even after minimal symptoms 

after an exposure, it is possible for fatal pulmonary oedema to occur up to 72 hours after the exposure 

(Jacobs Ranch Coal Company, 2001).  However, most symptoms do occur within two hours of the 

exposure. Typical exposure limits for NO and NO2 are found in Table 5. 

Table 5: Exposure limits for NO and NO2 (Ontario Ministry of Labour, 2010; NIOSH, 1994) 

 TWA (8 hr) STEL IDLH 

NO 25 ppm - 100 ppm 

NO2 3 ppm 5 ppm 20 ppm 

 

2.1.4.4 Less Common Blasting Fumes 

Ammonia 

Ammonia (NH3) is formed when materials containing nitrogen such as coal or common industrial 

explosives are incompletely combusted.  Recently, there have been studies into the formation of NH3 

during blasting, and it was found NH3 is primarily formed by undetonated explosives reacting with alkaline 

water present in the blasted rock, and not the detonation itself (Bauer & Moser, 2011). It is an inorganic 

irritant and affects the eyes and upper respiratory tract.  Severe exposures through inhalation can cause 

pulmonary oedema and obstruction of the airway.  It is lighter than air with a specific gravity of 0.6, soluble 

in water and colourless.  It has a pungent odour that one associates with cleaning chemicals.  It is not 

flammable but has an explosive range of 15% to 28% in air. 

The exposure limits for NH3 are 25 ppm for the 8 hour TWA, 35 ppm for the STEL and 300 ppm for the 

IDLH limit (Ontario Ministry of Labour, 2010; NIOSH, 1994). 



 

16 
 

Sulphur Dioxide 

Although not a typical blasting fume, the use of explosives containing sulphur and the blasting of sulphur 

ores or oil sands can result in the production of sulphur dioxide (SO2). It is toxic and colourless, and has a 

strong acidic choking smell/sensation when one is exposed to it. As an acidic irritant, it may cause 

tightening of the airways after inhalation and severe eye irritation as it reacts with moisture to form 

sulphuric acid.  It has a specific gravity of 2.3; more than twice that of air, is very soluble in water and is 

not flammable or explosive. 

It is detectable by smell at less than 1 ppm and has a TWA of 2 ppm for an 8 hour shift and 5 ppm as the 

STEL for any worker (Ontario Ministry of Labour, 2010). NIOSH defines 100 ppm as the IDLH value for SO2 

(NIOSH, 1994). 

Hydrogen Sulphide 

Although not a typical blasting fume, the use of explosives containing sulphur and the blasting of sulphur 

ores or oil sands can result in the production of hydrogen sulphide (H2S).  It is most distinctive from its 

smell of rotten eggs, but the olfactory sense is quickly paralyzed after inhalation.  It is toxic, colourless, 

explosive in concentrations of 4 to 44%, has a specific gravity of 1.2 and is very soluble in water.  When it 

combusts, it will produce sulphur dioxide. 

The exposure limits for hydrogen sulphide are 10 ppm for the 8 hour TWA, 15 ppm for the STEL and 100 

ppm for the IDLH (Ontario Ministry of Labour, 2010; NIOSH, 1994). 

2.2 Historical Background 

In the US and Canada, approximately 2.7 million kg of explosives are used every year and two thirds of 

this is used for coal mining (Society of Explosives Engineers, 2010).  As such, it is not surprising that most 

of the mining safety laws developed in the US in the 20th century pertain to coal mining.  In the US, fume 
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classes for explosives to be used underground were introduced in 1936 by the Institute of Makers of 

Explosives (IME) (Society of Explosives Engineers, 2010).  This is a rating system based on the quantity of 

fumes produced per pound of explosive tested.  A 32mm by 200mm long cartridge of explosive is 

detonated inside a Bichel Gauge, an airtight 14.5 litre explosion chamber, and the amount of toxic fumes 

is measured.  Explosives producing less than 4.53 litres of toxic fumes are determined to be Class 1 

(Mainiero, 2011). However, with the introduction of blasting agents such as ANFO in the 1950’s, this 

testing system provided inaccurate measurements because the size of the cartridge was below the critical 

diameter of the blasting agent (Mainiero, 2011).  This meant that an incomplete or partial detonation 

would occur and unacceptable amounts of toxic fumes were formed.  Explosive manufacturers use 

thermodynamics to calculate the amount of fumes, but in the case of partial detonations this information 

would be inaccurate for calculating toxic fume production of blasting agents (Mainiero, 2011). This is 

concerning as ANFO accounts for 80% of the explosives used In North America (Society of Explosives 

Engineers, 2010).  As previously discussed, thermodynamic calculations are based on chemical equilibrium 

and assume ideality of detonation, which is rarely the case in field blasting. For use in underground coal 

mines, a separate large chamber test was introduced to rate explosives.  One pound (454g) of explosives 

is detonated and based on the amount and also, type of fumes generated, the explosive is deemed 

permissible or not based on its flammability, not necessarily its toxicity (Santis, et al., 1995; Mainiero, 

2011). 

2.2.1 Occupational Incidents Involving Blasting Fumes 

In the last two decades, emphasis has been placed on mining safety.  The current controls for managing 

blasting fumes, such as underground ventilation flushes and open air dilution at surface mines may not 

be adequate as the size of blasts continue to increase.  It is possible for fumes trapped in muckpiles to be 

released slowly and continuously, making muckpiles a source of contamination, while the plume of a large 

open pit mine blast may not dissipate rapidly enough to be benign.  A number of incidents have been 
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identified in the US and Australia.  Blasting fumes affect not only the workers at the mine site but also 

residents in the surrounding area. 

In February 2014, an open cut coal mine in New South Wales, Australia had a blast which resulted in 

orange clouds travelling outside of the mine site, as seen in Figure 3. The plume travelled over a nearby 

area where affected people were advised to seek medical advice (Lamacraft, 2014).  Actions taken since 

by the mine as a result of this incident include reducing the time the explosive is left in the ground prior 

to detonation and to manage the product selection of explosives for certain higher risk areas of the mine 

(Mt Arthur Coal, 2014). 

 

Figure 3: A dust plume over Muswellbrook after an explosion at BHP Billiton's Mt Arthur coal mine (ABC News, 2014) 

In March 2011, the Queensland government in Australia issued a safety bulletin on NOx fumes (Explosives 

Inspectorate, 2011).  This was in response to four events that happened in a two week span just prior to 
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the release of the bulletin.  They were at open cast mines that used down hole ammonium nitrate based 

blasting products.  24 mine workers required treatment and hospital observation for NOx exposure. 

In 2009, incidents in the Bowen Basin coal mines involving exposure to NOx prompted another safety 

bulletin by the Queensland government.  In one of these incidents, a person was exposed to blast fumes 

3.8 km downwind from the blast (Explosives Inspectorate, 2009). 

In 2006, a worker at a quarry in the Philippines fell into a cavity while conducting a post-blast survey.  He 

sustained only minor injuries from the fall, but died the next day from severe pulmonary oedema caused 

by NOx poisoning.  It is presumed that he was exposed to the toxic blast fumes while conducting the survey 

and while trapped in the cavity as NOx is heavier than air and would settle in the cavity (Explosives 

Inspectorate, 2011).  

Between 1992 and 2002, there were 8 events with one fatality in the US involving post-blast NOx 

poisoning (Explosives Inspectorate, 2011).  And more generally, from 1978 to 2003, 8.5% of blasting 

injuries reported in the US were due to fumes (Bajpayee, et al., 2005). 

There have also been cases of CO poisoning due to blasting.  Following a production blast in an 

underground gold mine in Australia in 2008, workers re-entered the mine after being given the “all-clear” 

by gas testing on the blast level and below.  Returning to their area directly below the blast level, they 

were soon exposed to toxic levels of CO and some of the workers lost consciousness (Roberts, 2008). 

Exposures outside of mine sites are typically related to CO migration through underground channels, 

either geological or man-made.  In 2000, a family suffered from carbon monoxide poisoning which 

migrated from the blast site to the basement of their home 125 metres away (Eltschlager, et al., 2001). 
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2.3 Previous Experimental Data 

2.3.1 Laboratory Experiments 

Factors affecting the performance of ANFO, such as water content, stoichiometric balance, confinement, 

priming and the addition of aluminium have been summarized and these results are given in the following 

figures.  It is reasonable to assume that once the performance of an explosive is compromised, there is 

potential for the generation of toxic fumes. Previous experiments have been conducted involving fume 

output based on the composition of ANFO, confinement, water content and additives.  These are 

important first steps in determining the causes of increased toxic fume output and are summarized in the 

following Chapter sections. 

2.3.1.1 Water Content 

Velocity of detonation is a key indicator of an explosive’s performance; the ideal velocity can be calculated 

and the closer the recorded values are to this number, the more complete and efficient the reaction.   As 

seen in Figure 4 (Katsabanis, 2008), the effect on ANFO with any sort of water absorption is quite 

pronounced and detrimental to its performance.  Data describing the effect of water content on fumes 

collected by Rowland III and Mainiero (2000) are shown in Figure 6.  A weak decreasing trend in carbon 

monoxide concentration is seen as water content increases, but a strong correlation between nitrogen 

dioxide production and water content is evident in Figure 6. 
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Figure 4: The effect of water content on ANFO in 10 cm diameter unconfined (Katsabanis, 2008) 

 

Figure 5: The effect of water content on ANFO CO production in 10 cm diameter schedule 80 steel pipe (Rowland III & 
Mainiero, 2000) 

 

Figure 6: The effect of water content on ANFO NOx and NO2 production in 10 cm diameter schedule 80 steel pipe (Rowland 

III & Mainiero, 2000) 
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2.3.1.2 Oxygen Balance 

The stoichiometric balance of an explosive is of great importance to its performance.  ANFO is 

stoichiometrically, or oxygen, balanced at a ratio of approximately 94.5 % AN to 5.5% FO. Figure 7 

(Katsabanis, 2008) shows this relationship and its significance on the energy output and calculated ideal 

detonation velocity. The calculations are from the Cheetah thermodynamic code (Fried, et al., 1998). 

 

Figure 7: The effect of AN to FO ratio on explosive performance (Katsabanis, 2008; Fried, et al., 1998) 

Fume production is also affected by the oxygen balance of an explosive.  Ideally, at an oxygen balance of 

zero, only water vapour, nitrogen gas and carbon dioxide are formed.  With under-fueling, there is a 

surplus of oxygen in the chemical equation, leading to a positive oxygen balance and the production of 

nitrogen oxides.  With over-fueling, there is a deficiency of oxygen and therefore, a negative oxygen 

balance and the production of carbon monoxide gas.  Other factors such as inadequate burden or a lack 

of confinement, explosive wrappers and marginal initiation will increase the amount of toxic fumes 

produced by a blast (Katsabanis, 2008; Rowland III & Mainiero, 2000).  Further experiments completed at 

the Pittsburgh Research Lab (Rowland III & Mainiero, 2000) tested the relationship between the fuel 
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content of ANFO and its effect on the carbon monoxide and nitrogen oxides production.  These results 

are summarized in Figure 10 and Figure 11; oxygen balance is represented as a percentage.  NIOSH’s 

Pittsburgh Research Laboratory (PRL) (Rowland III & Mainiero, 2000) experiments were conducted in an 

underground chamber with laboratory equipment and are confined in schedule 80 steel pipe of 10 cm 

diameter.  Van Dolah et al. (1961) experimented with prilled ANFO both in a laboratory, using a 90 litre 

expansion chamber known as the Crawshaw-Jones (C-J) apparatus and in an underground tunnel.  Their 

results are shown in Figure 8 and Figure 9. It is apparent that there is a trade-off between the production 

of CO or NO2.  In both studies, NO2 drastically increases when the ANFO is under-fueled, and because this 

is the more toxic of the fumes produced, common practice is to slightly over-fuel the mix to 94:6. The 

results obtained for NO2 at the PRL are noticeably lower than Van Dolah et al’s. (1961) and the effect of 

scale and increased confinement at the PRL (Rowland III & Mainiero, 2000) tests is apparent. A small 

unconfined ANFO charge suitable for a 90 litre expansion chamber resulted in significantly more NO2 than 

a 4.5 kg confined ANFO charge in a 274 m3 chamber.  Theory dictates that no CO should be produced with 

a positive oxygen balance and no NOx gases with a negative balance, but even in controlled tests, some 

are produced.  This indicates an effect of diameter of charge and confinement on the fume output. 

 

Figure 8: Effect of oxygen balance of ANFO on NO2 production (Van Dolah, et al., 1961) 
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Figure 9: Effect of oxygen balance of ANFO on CO production (Van Dolah, et al., 1961) 

 

Figure 10: Effect of oxygen balance of ANFO and other high explosives (HE) on CO production (Rowland III & Mainiero, 2000) 
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Figure 11: Effect of oxygen balance of ANFO and other high explosives (HE) on NOx and NO2 production (Rowland III & 

Mainiero, 2000) 

2.3.1.3 Confinement 

Further studies into the effect of confinement on fume output have been done at the Pittsburgh Research 

Lab (Rowland III & Mainiero, 2000) and Roberts for his master’s thesis at Queen’s University (Roberts, 

1992). The PRL tests were done with schedule 80 steel pipe and PVC pipe, as well as sheet metal.  The 

steel and PVC pipes were 10 cm in diameter and had a thickness of 8.1 mm and the sheet metal was 0.4 

mm thick. Approximately 4.5 kg of ANFO was initiated with a 5 cm diameter by 5 cm thick (172 g) pentolite 

booster in the pipes.  As can be expected, the plastic pipe reacted upon detonation and the carbon 

monoxide output was much higher than for the other tests.  The CO output is presented in Figure 12.  

When comparing the NO2 results, it can be seen in Figure 13 that as confinement increases, there is 

significantly less NO2 production. 
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Figure 12: CO output with varying confinement at the PRL (Rowland III & Mainiero, 2000) 

 

 

Figure 13: NOx and NO2 output with varying confinement at the PRL (Rowland III & Mainiero, 2000) 

Confined shots result in a detonation with a higher propagation velocity when all else is held constant as 

demonstrated in Figure 14.  This may translate in a higher energy yield as higher energy output is achieved 

when toxic fume production is at a minimum, which happens with increased confinement.  For example, 
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if 1000 g of ANFO is consumed (946 g of AN and 54g of FO), the energy produced as a result of this reaction 

will sum up to different amounts depending on which products of detonation are produced.  In an ideal 

reaction where only N2, CO2 and H2O gases are produced, about 3797 kJ/kg of energy is output.  

If the reaction produces some amount of CO so that the chemical equation is: 

34 NH4NO3 + C12H26  81 H2O + 9 CO2+ 34 N2 + 3 CO 

the amount of energy produced as a result of this reaction will be about 3723 kJ/kg.  Conversely, if NOx is 

identified as a product of detonation and the chemical equation is: 

45 NH4NO3 + C12H26  103 H2O + 12 CO2 + 4NO2 + 43 N2 

the energy is reduced further to 3493 kJ/kg. 

 

 

Figure 14: The effect of confinement on VOD (Katsabanis, 2008) 

Roberts (1992) completed a study examining the effect of confinement on the production of blasting 

fumes from common commercial explosives at the time.  After each blast, two samples were taken and 

analyzed using gas chromatography.  The data were presented three different ways; litres of fume per 
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kilogram of explosive, fume as a percent of the total fumes measured, and the relative toxicity of the 

fumes.  The tests were conducted in a 1 m3 blasting chamber, in the presence of atmospheric gas. The 

researcher found that representing fumes as a percentage resulted in more easily defined trends because 

it diminishes the effect of sampling error by only comparing the ratios of gas to each other and not the 

amount of gas produced.  The results displayed are in percentage of total gas measured (CO, CO2 and 

NO2).  Ammonia gelatin dynamite (Forcite), emulsions (Magnafrac™) and watergels (Minerite™ and 

Tovex™) were all tested in various degrees of pipe and rock confinement as well as unconfined (UC) as 

shown in Figure 15 and Figure 16.  

 

Figure 15: Roberts' results of percentage of CO output with varying degrees of confinement (Roberts, 1992) 
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Figure 16: Roberts' results of percentage of NO2 output with varying degrees of confinement (Roberts, 1992) 

With the small number of data points, it is difficult to infer trends defining the effect of confinement on 

detonation fumes.  A possibility of a downwards trend for decreased NO2 production with increasing 

confinement exists and warrants further study.  This current thesis will perform a larger number of tests 

studying the effect of increasing confinement on ANFO and emulsion explosives. 

Roberts (1992) continued confinement testing of the emulsion explosive in various types of rock, with 

velocity of detonation being recorded as well.  Dolomitic marble, limestone, granite, sandstone and talc 

were used and each offered a different degree of confinement. The statistical analysis completed by 

Roberts on these fume results in rock showed the fume output of the emulsion tested is dependent on 

the rock material used for confinement. Increasing rock strength, defined as sonic velocity and impedance 

of the rock materials, consistently corresponded to an increase in carbon monoxide and a decrease in NOx 

of the detonation products. The velocities of detonation recorded for the emulsion explosive did not 

significantly change with the differing rock strengths. 
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2.3.1.4 Additives 

Aluminium is a common additive to emulsions and ANFO because of its high exothermic properties.  A 

small amount can provide a large increase in energy output, as explained by Katsabanis (2008) in Figure 

17.  

 

Figure 17: Strength of ANFO with aluminium addition (Katsabanis, 2008) 

A significant disadvantage to using aluminized ANFO is the production of hydrogen upon detonation.  This 

mixes with the air and the potential forl secondary explosions are a serious hazard (Katsabanis, 2008).   

Before examining experimental work with aluminium, the theoretical effect of adding aluminium on the 

detonation products of 94-6 ANFO is displayed in Table 6.  These results were calculated by the Cheetah 

thermodynamic code (Fried, et al., 1998). As a result of the aluminium addition, there is still no presence 

of any NOx gases and the amount of CO produced rises.  
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Table 6: Thermodynamic predictions of aluminium addition to ANFO (Fried, et al., 1998) 

Products (L gas/kg explosive) CO2 CO 

ANFO 96-4 91.6 4.7 

ANFO 96-4 with 1% Al 91.2 6.1 

ANFO 96-4 with 2% Al 87.1 9.1 

 

A study by Maranda et al. (2011) was conducted to examine the effect of the addition of aluminium 

powder to ANFO on the composition of toxic blast fumes released after detonation. Their tests used prilled 

AN mixed with fuel oil which were visually examined for homogeneity and are stated in the study to have 

zero oxygen balance. Flaked aluminium powder, consisting of 82.5% pure aluminium, was then added and 

mixed to the ANFO.  The three mixtures are summarized in Table 7, and the amounts presented show a 

decreasing oxygen balance as the aluminum amount increases. 

Table 7: A description of the aluminium-ANFO mixtures used (Maranda, et al., 2011) 

Component (wt %) Mix 1 Mix 2 Mix 3 

AN 91.85 88.71 85.23 

FO 4.51 4.02 2.65 

Flaked Aluminium 3.64 7.27 12.12 

 

To analyze the amount of NOx, CO and CO2 produced, the European standard for the measurement of 

toxic fumes from high explosives was followed (European Committee for Standardization, 2004). The 550 

g explosive charges were contained in 40 mm inner diameter glass cylinders of 2 mm thickness and 615 

mm in length. These cylinders were then placed in a 50 mm inner diameter steel mortar of 1300 mm 

length inside a blast chamber.  They were fired with a PETN detonator and a 14 g booster.  The blast 

chamber was 15 m3 in size and equipped with a fan to mix the gases.  After detonation, the fan was run 

for three minutes.  At this point, the gas sampling was done continuously for 20 minutes with a vacuum 

pump facility, which prevented any condensation of water vapour. During the 20 minutes of sampling, the 
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CO concentration remained constant. The NO and NO2 concentrations varied linearly over the sampling 

period, indicative of secondary reactions. To determine the immediate fume concentrations, CO was 

taken as constant and the linear trends of NO and NO2 were extrapolated back to the point of detonation. 

These results are displayed in Table 8. 

Table 8: An overview of the results of toxic fume production for the aluminium-ANFO mixtures (Maranda, et al., 2011) 

Component 
Mix 1 Mix 2 Mix 3 

L/kg ppm L/kg ppm L/kg ppm 

CO 5.53 2.0 8.67 3.2 7.43 2.7 

NO 5.22 1.9 3.75 1.4 0.93 0.3 

NO2 2.17 0.8 1.69 0.6 0.47 0.2 

 

The results indicated that once the gaseous products of detonation were mixed, the CO concentration 

remained constant, whereas the NO and NO2 concentrations varied linearly with time. This indicates 

secondary reactions between the NO and NO2 components.  The conclusion drawn from this experiment 

by the authors of this study was that the addition of aluminium decreases the amount of NOx fumes 

produced but increases the amount of CO. Due to the decrease in oxygen balance as the amount of 

aluminium increased in each mixture, the results observed would only in part be attributable to the 

amount of aluminum in each mixture. 

In addition to confinement, Rowland III and Mainiero (2000) also concluded experiments testing the effect 

of additives on fume production at the Pittsburgh Research Lab (PRL) of the National Institute of 

Occupational Health and Safety (NIOSH).  Limestone rock cuttings or dust were also tested at the PRL 

(Rowland III & Mainiero, 2000) to see their effect on fumes.  Their purpose was to simulate the interaction 

between ANFO and drill cuttings that are in the drill hole. In an ideal detonation, limestone addition would 

only increase the CO and CO2 levels, as there would be no NOx produced.  To examine the theoretical 

effect of limestone addition on NOx production, an under-fuelled 98-2 ANFO mix was examined with the 
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Cheetah thermodynamic code (Fried, et al., 1998).  These results are summarized in Table 9, and show 

that both NO and NO2 gases decrease with the addition of limestone, and that there is no production of 

CO. 

Table 9: Thermodynamic predictions of limestone addition to 98-2 ANFO (Fried, et al., 1998) 

Products (L gas / kg explosive) CO2 CO NO NO2 

ANFO 98-2 32.8 - 1.3 0.25 

ANFO 98-2 with 5% Limestone 42.4 - 0.9 0.21 

ANFO 98-2 with 10% Limestone 51.9 - 0.7 0.18 

ANFO 98-2 with 15% Limestone 61.5 - 0.1 0.15 

 

The PRL testing (Rowland III & Mainiero, 2000) used 4.54 kg of premixed ANFO with the wrapper removed 

and confined in a schedule 40 steel pipe (710 mm length, 10 cm diameter, 6 mm thickness). A 172 g 

pentolite booster was used in the initiation of the ANFO charges in the 274 m3 blasting chamber. An 

investigation into the fume production with aluminium and limestone dust added to 94-6 ANFO at the 

PRL (Rowland III & Mainiero, 2000) resulted Figure 18 and Figure 19. 

 

Figure 18: PRL results of the effect on CO production from additives in ANFO (Rowland III & Mainiero, 2000) 
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Figure 19: PRL results of the effect on NOx and NO2 production from additives in ANFO (Rowland III & Mainiero, 2000) 

The aluminium addition appears to slightly lower NO2 production, and this coincides with the study by 

Maranda et al. (2011).  The CO level changes significantly depending on the amount of aluminium added.  

In theory, the more aluminium in the explosive mix the more CO should be produced, but it appears in 

both studies (Maranda, et al., 2011; Rowland III & Mainiero, 2000) that there may be a threshold amount 

of aluminium added to the ANFO before marginal detonations are more likely to occur and a decrease in 

CO production is observed. 

With the addition of limestone dust, NO2 was decreased but the total NOx level was significantly higher 

than the original ANFO test.  This indicates a higher NO level, which is less toxic than NO2, but eventually 

NO reacts with air to form NO2.  With the limited amounts of tests, it is difficult to determine a trend for 

CO with limestone addition. 

2.3.2 In Field Measurements 

Bakke et al. (2001) conducted research on the effect of blasting fumes on workers at tunneling 

construction sites in Norway in 1997.  Their results were a large prompt for this thesis.  Holes were drilled 

into the working face of the tunnel and were loaded with explosives.  The face was blasted and the debris 
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was loaded out with diesel powered equipment from the tunnel.  Ventilation was provided to the face via 

flexible ducting and blast fumes were cleared out via the tunnel.  One test group consisted of 24 workers 

working in tunnels using an emulsion for blasting.  Another group, also with 24 workers, was working in 

tunnels that used ANFO for its blasting. The control group of 34 workers was posted outside of the tunnels 

with no exposure to blasting fumes.  The average age of the men tested was 40 years old and 

approximately half in each sample group were smokers.  The researchers conducted three different lung 

function tests on all the workers before the start and end of their 11 day shift as well as at the start of 

their next shift after 10 days off.  The three lung function tests were the forced vital capacity (FVC), the 

forced expiratory volume in 1 second (FEV1) and the forced expiratory flow rate from 25% to 75% of the 

FVC (FEF25-75). These tests help identify obstructions in the airway by measuring the ability of the lungs to 

move air through the airway. A medical study (Stanojevic, et al., 2008) presents the average results for 

these tests in healthy non-smoking humans in Figure 20. As can be seen, lung function abilities increase 

from birth until a peak at approximately 20 years of age and then steadily decrease into old age.   
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Figure 20: Normal values for spirometric testing (Stanojevic, et al., 2008) 

The results from the pulmonary testing of the tunnel workers are shown in Table 10.  The normal health 

values are taken from Figure 20 for healthy non-smoking 40 year old males, as this was closest to the 

average age of the sample group in this study. 

Table 10: Summary of pulmonary test results from study (Bakke, et al., 2001; Stanojevic, et al., 2008) 

  Control Group ANFO Group Emulsion Group 

 
Normal 
Health Before After 

% 
Change Before After 

% 
Change Before After 

% 
Change 

FVC 5.20 5.4 5.32 -2% 5.30 5.16 -3% 5.00 5.02 0% 

FEV 1 4.15 4.1 4.10 0% 3.90 3.63 -7% 3.80 3.88 2% 

FEF 25-75 3.95 3.6 3.69 3% 3.20 2.95 -8% 3.70 3.67 -1% 
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The ANFO group experienced the largest changes, with the FEV1 and FEF25-75 tests being statistically 

significant.  A decrease of 7% in the FEV1 test for a 40 year old man is equivalent to the level of a man 9 

years his senior; and 8% in the FEF25-75 test represents the levels of a man 7 years older.  Their pulmonary 

function did return to baseline values by the start of their next shift 10 days later, as demonstrated in 

Figure 21. 

 

Figure 21: Results of the three lung function tests of the tunnel workers (Bakke, et al., 2001) 

The workers were also equipped with personal carbon monoxide and nitrogen dioxide sensors to provide 

reasons for any differences in pulmonary function. The personal sensors gave 2 minute average readings 

over 5 to 8 hours.  A sample of the results from the sensors for the ANFO and emulsion groups is shown 

in Figure 22.  
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Figure 22: Sample of two-minute average readings in Norway tunneling (Bakke, et al., 2001) 

The researchers noticed that the peaks of nitrogen dioxide exposure shown in Figure 22 coincided with 

when the workers were near trucks transporting the blasted material from the face to the entrance of the 

tunnel.  The average exposure over the course of the work day did not exceed the permitted 8 hour TWA 

level of 3 ppm, but the peaks were above the short term exposure limit of 5 ppm and one peak reached 

the IDLH level of 20 ppm.  Lung function did decrease over the course of a shift for the ANFO workers, but 

did return by the start of their next shift.  This study leads into discussion on blasting fumes trapped in 

muckpiles and the safety of using ANFO underground. 

Garcia and Harpalani (1989) conducted an experiment in Arizona to test the amount of fumes that may 

be entrapped by the surrounding host rock.  The basis of their research were Russian studies (Rossi, 1972) 

which indicated that fumes will either enter the mine atmosphere directly after the blast, be absorbed by 

the fragmented rock and then released with further mining, or enter the rock cracks and pores of the 

surrounding intact host rock during the high pressure release of the blast. 

Garcia and Harpalani (1989) used two watergel explosives (Tovex™ 100 & Tovex™ 220), and two emulsion 

explosives (Powermax and Iremite™) at the underground San Xavier Mine Laboratory owned by the 

University of Arizona.  The drift was sealed with a bulkhead and the air was continuously sampled at a 

rate of 10 litres per minute from the time of detonation to after mucking operations were complete. The 

ANFO                                                                               Emulsion 
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volume of rock blasted varied but was calculated by releasing a known amount of CO2 into the mining 

area and measuring the concentration after it had filled the area.  Based on their experimental set up, 

burn cut drill patterns were used to blast between 4.4 m3 and 5.4 m3 of rock for each test. The blasted 

material was excavated before drilling the next pattern, allowing each blast the maximum amount of rock 

displacement.  Each blast moved further down the drift from the bulkhead therefore the testing chamber 

would increase in size with each blast. The results obtained for CO, CO2, NO and NO2 are summarized in 

Table 11 and demonstrate the percentage of each gas that was captured either immediately after 

detonation, during mucking or after mucking was complete. For example, during the Tovex 220 trial, of 

the total amount of CO captured, 92.3% was captured immediately after detonation, 3.3% was captured 

during mucking and the last 4.4% was captured as it was released from the host rock. It is clear that most 

fumes were immediately thrust into the mine atmosphere, and that CO2 and CO are much more likely to 

be trapped in the muckpile and host rock than the other fumes analyzed.  Of the nitrogen oxides, a higher 

percentage of NO2 remained in the muckpile as compared to NO, which had a maximum immediately 

after detonation. Even with the small percentage of fumes that remained during and after mucking, this 

study did not make it clear if any of the fumes remaining were in amounts dangerous to human health.  A 

further study with an experimental setup more amenable to trapping fumes, such as buffer blasting or 

larger volumes of rock blasted would be of interest. 
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Table 11: Summary of results in underground mine laboratory (Garcia & Harpalani, 1989) 

  Tovex™ 100 Tovex™ 220 Powermax 140 Iremite™ 42 

Post detonation 

CO (%) 91.9 92.3 98.4 95.5 

CO2 (%) 90.0 86.8 93.7 79.5 

NO (%) 99.8 99.8 99.8 99.6 

NO2 (%) 98.8 99.5 99.6 98.8 

Mucking 

CO (%) 3.5 3.3 1.1 2.7 

CO2 (%) 6.6 7.1 4.9 13.8 

NO (%) 0.1 0.1 0.1 0.2 

NO2 (%) 0.8 0.3 0.2 0.6 

Post mucking 

CO (%) 4.5 4.4 0.5 1.8 

CO2 (%) 3.4 6.1 1.4 6.7 

NO (%) 0.1 0.1 0.1 0.2 

NO2 (%) 0.4 0.2 0.2 0.6 

 

Roberts’ (1992) experimentations used similar explosives to those of Garcia and Harpalani (1989) as they 

were completed within a few years of one another. For comparison, the amounts of fumes produced in 

litres per kilogram of explosive from both studies are shown in Figure 23 and Figure 24.  Garcia and 

Harpalani’s have on average, a higher CO and a lower NO2 output than Roberts.  It is noticed that the 

Magnafrac (emulsion) explosives tested by Roberts produced more NO2 than CO when unconfined.  The 

chemical compositions of commercial explosives are typically not made available by the manufacturer, 

but it is assumed that they are oxygen balanced in order to optimize performance. Balanced emulsion or 

slurry explosives would, in theory, produce less than 3 litres of CO per kg of explosive, and NOx would be 

negligible. These two sets of experimental fume output measurements present results that differ to the 

results that equilibrium calculations provide.  This highlights the non-ideality of detonations when they 

occur outside of the laboratory, and the limitations of thermodynamic equations, which should only be 

used as approximations of fume output. 
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Figure 23: Fume output in L/kg of explosive for Garcia and Harpalani (1989) 

 

Figure 24: CO and NO2 output of various explosives when unconfined (Roberts G. , 1992) 
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2.3.3 Summary of Findings 

There is consensus that fume output of explosives is affected by the product formulation, the type and 

amount of additives and confinement offered to the explosive charge.  As explosive use increases with 

the ramp up of mining production worldwide, so does the focus onto blasting fumes.  A small number of 

researchers have completed studies on these effects on fume output in the last three decades and the 

research presented shows the main factors leading to fume production and their level of effect.  

Katsabanis (2008) and researchers at the PRL (Rowland III & Mainiero, 2000) have summarized findings 

on product formulation and their effect on toxic fume production. Water contamination of the explosive 

in the blast hole is the most widely credited culprit for post blast fume, and laboratory experiments show 

that a 5% increase of water to the explosive results in a 33% increase of NO2 and a 19% loss of its velocity 

of detonation.  Another factor is the stoichiometric composition of the explosive.  A positive or negative 

oxygen balance contributes to toxic fume output, and manufacturers typically slightly alter the balance of 

their explosives to the negative side to avoid increased toxicity due to the production of NO2. 

Explosive additives such as aluminium and limestone cuttings were studied by Maranda (2011) and at the 

PRL (Rowland III & Mainiero, 2000).  Aluminium increases the energy output of explosives and appears to 

reduce the amount of NO2.  Further studies to these would be helpful in determining an optimum addition 

of aluminium to help mitigate toxic fumes. Limestone addition helps replicate in-hole mixing of drill 

cuttings and explosive as it is loaded into the drill hole.  PRL’s laboratory experiments included only one 

test with 5% limestone addition and no conclusion was drawn on its effect on toxic fume output.  

Confinement or lack thereof offered to an explosive charge is seen to be an important factor in the 

production of toxic blasting fumes. Roberts (1992) and studies at the PRL (Rowland III & Mainiero, 2000) 

examined the effect of varying confinement on explosive charges. By surrounding explosives with 

materials of different strengths, it was determined that increasing confinement led to a decrease in NO2 



 

43 
 

production.  Roberts (1992) also tested different rock types and was able to statistically determine that 

rock strength, defined as sonic velocity and impedance of the rock materials, had an effect on the fume 

spectrum output by the explosives. 

Garcia and Harpalani (1989) attempted to measure the proportion of blast fumes that remain trapped in 

a muckpile and found that CO is more likely to remain trapped in the muckpile and escape as it is dug out.  

0.5% to 1% of the NO2 fumes captured were released while mucking and 1% to 3.5% of CO escapes while 

mucking.  The study by Bakke et al. (2001) of tunnel workers’ lung function demonstrated that current 

blasting practices in tunnelling could pose health risks to exposed workers.  This study showed that 

workers exposed to fumes from ANFO were more seriously impacted than the workers working with 

emulsion explosives. A key finding was the elevated NO2 levels were recorded on personal gas monitors 

worn by workers as blasted material was trucked out of the tunnel indicating that all blasting fumes were 

not cleared by post blast ventilation.  There is no general agreement as to the fraction of blasting fumes 

retained in the muckpile, and due to the potential for serious implications to workers’ health, the need 

for further investigation is suggested.  

The general findings from previous work are:  

1. The conditions of use of the explosives are important; charge diameter, the amount of 

confinement, contamination and composition all impacted the fume output of detonation. 

2. Larger amounts of fume are being produced than what is predicted from thermodynamic 

calculations for ideal detonation 

3. Fume entrapment in a muckpile is possible and a concern to worker health. 

4. A delay between the attainment and the analysis of the sample may be of concern due to the 

change of the NO to NO2 ratio. 
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The current work presented in this experimental investigation will build on previous research by repeating 

a number of tests relating explosive formulation, additives used and confinement offered to fume output. 

The main difference is a continuous gas analyzer will be used to measure the concentrations of CO, CO2, 

NO and NO2 giving instantaneous in the field results and a defined time history of the rise and fall of the 

resultant peak concentrations.  This study also hopes to demonstrate entrapment of blasting fumes in a 

muckpile and their subsequent release.  The continual gas analyzer makes this possible by being able to 

correlate disturbances to the muckpile and hence fume release with its instantaneous fume concentration 

measurement.  
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Chapter 3 Study Method 

3.1 Introduction 

Two sets of experiments were set up for this investigation. The first set studied the effect of accepted 

factors affecting fume production in order to ensure the reliability of the current study’s experimental 

setup. The factors tested were mainly product formulation and confinement. Different explosives were 

used to test the effects of these factors; an emulsion (Senatel), ANFO with the AN in prill and crushed 

form, and ANFO mixtures with additives. In previous studies, the effects of aluminium powder and 

limestone cuttings on the fume output of ANFO have been discussed.  In this study, similar tests were 

conducted in this set of experiments.  Sodium hydroxide was also suggested as an additive; this test was 

quickly annulled when mixing the ANFO with the sodium hydroxide produced a very strong smelling 

ammonia gas. The majority of the tests used various types of metal pipes to contain the explosives being 

fired.  The type and thickness of pipe was varied to change the level of confinement offered to the 

explosive. 

The purpose of the second set of experiments was to further examine the findings of the study by Bakke 

et al. (2001) in regards to peak levels of NOx readings coming from freshly disturbed muckpiles. This set 

of experiments simulated fumes travelling through blasted material in an attempt to measure the portion 

of fumes that remain trapped after detonation and to observe the fume spectrum over a long amount of 

time.  These experiments require continual analysis of the fume output after each charge is detonated. 

ANFO as well as pentolite boosters were used in this set of experiments.  Pentolite was chosen because it 

releases a large amount of CO and CO2, which makes it easier to measure localized emissions from the 

muckpile, when the amount of charge that can be fired at once is limited. 

To analyze the blast fume concentrations over time, specialized equipment and procedures were needed.  

This improves on the previous studies of Rowland III and Mainiero (2000) at the PRL and of Roberts (1992) 
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by instantly analyzing a continuous sample throughout the entire detonation and ventilation process 

instead of a single sample, without the need for off-site laboratory analysis. In this section, the 

experimental equipment needed to measure fume output with varying explosive composition and 

confinement is described. 

3.2 Experimental 

3.2.1 Gas Analyzer 

To obtain the desired results, a continuous gas analyzer for the main blast fumes was sought out.  The 

NOVA Analytical Systems Inc. (NOVA Analytical Systems Inc., 2010) continuous 7200 series flue gas 

analyzer was chosen (Figure 25).   

 

Figure 25: NOVA 7200 series flue gas analyzer 
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It can be modified to analyze any range and combination of gases from combustion processes. Equipped 

with a heated filter, it ensures the sample being analyzed is dust and moisture free.  The purchased 

analyzer was equipped with infrared detectors for the detection of CO2 and CO and electrochemical 

sensors for the detection of O2, NO and NO2.  Accuracy is 0.1% for O2 and 1 ppm for the other gases 

measured; for the ranges chosen, refer to Table 12.  

Table 12: Ranges of the NOVA gas analyzer 

Gas Range 

O2 0 – 25.0 % 

CO2 0 – 10,000 ppm 

CO 0 – 2,000 ppm 

NO 0 – 800 ppm 

NO2 0 – 800 ppm 

 

The sample pump within the analyzer draws the sample through Teflon tubing to the heated filter, 

through Teflon tubing once again to the analyzer and then out through the ventilation tubing at a rate of 

1 litre per minute.  The concentration readings in parts per million are recorded every 15 seconds and 

were output to a CSV text file via USB connection. 

3.2.1.1 Blast Chambers 

The two blast chambers used to trap the blast fumes for analysis were 1 m3 (Figure 26) and 14 m3 (Figure 

27) in volume capacity.  Tests were also completed in 17 L and 77 L plastic buckets and steel drums filled 

with limestone gravel (Figure 28). 
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Figure 26: Small 1 m3 blast chamber, outside (left) and inside with plastic 77 L bucket (right) 

 

Figure 27: The 14 m3 blast chamber, outside (left) and inside with a charge in a steel pipe (right) 

 

Figure 28: Steel barrel tests 
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3.2.1.2 Pipes 

Pipes of 20 cm length were used in the 1 m3 chamber and pipes of 30 cm length were used in the larger 

14 m3 chamber to simulate confinement experienced in the field.  A list of the pipes used is found in Table 

13 and displayed in Figure 29. Different levels of confinement were simulated by varying the material and 

thickness of the surrounding pipe.  Steel, aluminium and copper piping with varying thicknesses were 

used. 

Table 13: List of pipes used during experimental testing 

Material Thickness Inner Diameter 

Steel 

2.9 – 3.9 mm (Schedule 40), 

3.9 – 5.5 mm (Schedule 80), 

and 13 mm 

19 mm, 25 mm, 32 mm, 28 mm,  

41 mm,  50 mm 

Aluminium 3.4 – 3.9 mm (Schedule 40) 25 mm, 38 mm, 50 mm 

Copper 1.6 mm 25 mm 

 

 

Figure 29: Various pipes used during experimentation 

3.2.2 Velocity of Detonation 

As well as the fume concentrations, the velocity of detonation (VOD) for the majority of the tests was 

measured using the continuous velocity (probe) system with the MREL Microtrap data acquisition system 

(Figure 30).  A nichrome wire surrounded by a small copper tube is shorted at one end and inserted into 
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the charge.  Because the resistance of the nichrome wire is known, as the probe is consumed by 

detonation, the change in voltage over the time of the detonation can be interpreted as a velocity.  VOD 

is analyzed in these experiments as it is a good indicator of the detonation’s performance and level of 

ideality, which will be related to toxic fume production. 

 

Figure 30: VOD measurement probe setup 

3.3 Procedure 

There were several different testing procedures used for the various tests, but the sampling method was 

held constant.  The sampling tube was inserted into the test chamber and fixed there so that the pressure 

release of the blast would not expel it from the chamber.  Gas concentration readings would commence 

as soon as the warm-up period of the NOVA analyzer ended (30 minutes).  In one testing session, usually 

4 to 7 tests were performed.  The analyzer was run continuously throughout the experimental setup. 

For the small chamber tests, the sampling tube entered through a small hole at the top of the chamber.  

In the larger 14 m3 chamber, the tube was put through the door opening.  In the steel barrel tests, the 
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sampling tube was attached to the side of the barrel so that the opening was at the top of the material in 

the barrel. 

After detonation, the analyzer would measure the resultant concentrations for a period of time.  Once all 

tests being performed were completed in that day, the analyzer was powered down.  The data recorded 

was then transferred to an excel spreadsheet for further analysis. 

The analyzer was calibrated by the manufacturer before receipt, and annual calibrations were 

recommended.  After transport, it was noted that there was some drift in the readings.  The twelve days 

of testing occurred within the first year of receipt, and different base levels of the gas concentrations were 

recorded.  This was due to drift, meaning that a change of 50 ppm is consistent across all tests but the 

readings will be at different numbers.  This was accounted for and the data were adjusted to have similar 

“zero” values across all the tests, so that they would be compared.  This is explained in more detail in 

section “3.4 Analysis”. 

3.4 Analysis 

The NOVA analyzer output is the percentage of O2 and ppm for CO2, CO, NO and NO2. It was all recorded 

and comparable tests were further analyzed.  These experiments can be broken down into three 

subsections; tests in confinement, explosive composition tests and tests in gravel.  The fume spectrum 

concentration output was analyzed for these three series of tests using Excel.  A sample was taken from 

the NOVA reader every 15 seconds.  The output from the NOVA reader in Excel, seen in Figure 31, was 

used to create the graph of each shot performed, as seen in Figure 32.  Because the sampling is continuous 

throughout the testing period, the peak ppm of for each of the gases analyzed for each shot is easily found.  

The peaks as well as the length of time for the peaks to subside were the main factors in the data analysis. 
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Figure 31: Sample NOVA analyzer output in Excel 

 

Figure 32: Graph of sample NOVA analyzer output 

Four shots can be clearly seen in Figure 32, and their approximate peak ppm for CO2, CO, NO and NO2 as 

well as their time of peak are easily determined.  The exact peak is then searched for in the data set. 
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As mentioned previously, the direct results needed to be adjusted for drift.  Electrochemical sensors are 

susceptible to changes in temperature and humidity.  As the analyzer was exposed to overnight 

temperatures below freezing, it is presumed this exposure was the cause of the drift observed during the 

start-up period of the analyzer. Base levels were set to global average atmospheric levels; 0 ppm for CO 

and the NOx gases and 400 ppm for CO2.  This way, the values for each test, no matter the day, are 

comparable.  The drift in NO was more severe than the other gases, and in Figure 33, it can be seen that 

from the start of the sampling period to 1,500 s, the reading for NO drops sharply and then slowly 

descends to its baseline level at around 10,800 s (3 hours). Another anomaly in the readings is the lone 

peak in CO2 seen at the sample time of 6,000 s; this is simply one’s exhalation into the Teflon sample tube 

as a quick in-the-field check of the analyzer performance.  The three major peaks from 13,000 s to 24,000 

s relate to three charges being detonated. 

 

Figure 33: Example of drift found in analyzer results 
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The drift experienced is presumably due to the sensor being temperature affected.  On average, at the 

start of the testing session, NO would have a reading of 20 ppm and would drop at variable rates back 

down to the expected value of 0.  Because the amount of drift wasn’t consistent, the NO results 

required different amounts of adjustment.  Typically, tests were performed within this start-up drift 

period so the slope of the drift was extrapolated as if no test had been performed as seen in Figure 34.  

This calculated slope was used to account for drift for the results during a test. The drop near the end of 

Figure 34 was due to the sampling hose being removed, and not due to drift. Figure 35 illustrate 

examples of the difference between the analyzer and adjusted results and as can be seen, the results 

are not drastically changed; drift affected the peak of the first test by 15 ppm, and by 2 ppm for the 

second test.  Drift affected approximately 20% of the tests’ NO results. 

 

Figure 34: Sample graph of NO level adjustment method for non-atmospheric air results 
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Figure 35: Sample graph displaying the analyzer results compared to the adjusted values 

These adjusted results were used to further analyze the data in order to discover trends in fume output 

depending on confinement, explosive composition and entrapment in gravel.  The peak concentrations of 

the four blasting fumes were calculated and the total CO and CO2 output of each blast was measured.  A 

ratio of the measured gas volume to total measured volume of CO plus CO2 output was used to analyze 

the results.  Total carbon output is the sum of the CO and CO2 output, and each charge would have its 

own total carbon output.  The carbon output of the detonation relates directly back to carbon present in 

the explosive being detonated, as it is assumed that all carbon will go to CO and CO2.  The tests performed 

were not identical; they had different masses, some had boosters, some did not, they were detonated in 

different size blasting chambers, had varying confinement and were detonated in different weather 

conditions.  The most significant variable was the amount of dilution that occurred.  The blasting chambers 

were not closed systems and the different masses of explosives would have led to different amounts of 

dilution to the atmosphere. All these have an effect on the total fume output, and by dividing each fume 
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output by the total carbon output, this ratio can be used to see more definitive trends, similar to Roberts’ 

fume percentage results (Roberts, 1992). 
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Chapter 4 Results 

4.1 Overview 

A large number of factors affect fume output; product formulation, water attack, additives and 

confinement.  To observe these effects, other variables such as mass, primer size, chamber size, non-ideal 

behaviour and their effects on the results must be taken into account.  The results are presented as a ratio 

to total measured carbon output.  Using this method helps normalize the data and identify trends, but 

assumes consistent dilution and full reaction of the charge for all tests.  Inaccuracies may have been 

introduced to the results due to the effect of other carbon containing materials being consumed in the 

blast such as the packaging and/or the tape being used.  Results in litre per kilogram are also presented 

for comparison purposes to previous studies. 

The NOVA analytical system provides the results in parts per million (ppm).  The ratio measurement uses 

the ppm of the gas compared to the sum of the ppm of CO2 and CO that was measured. For simplicity and 

consistency, these ratios were converted to litres per kilogram using Avogadro’s molar volume and the 

theoretical amount of moles of total carbonaceous products per kilogram of explosive. To study the 

effects of product composition, product formulation, the confinement offered and fume entrapment on 

explosive fume, a total of 48 shots were analyzed. A summary is provided in Table 14. 

Table 14: Breakdown of shots analyzed 

Analysis ANFO Emulsion Pentolite Total 

Composition 8 - - 8 

Confinement 24 4 - 28 

Fume Entrapment 3 - 9 12 

Total 35 4 9  
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A general overview of the fume results are presented below in Figure 36 and Figure 37 as a carbon 

monoxide and nitrogen dioxide to total measured carbon monoxide and carbon dioxide ratio and in Figure 

38 and Figure 39, in litres per kilogram of explosive. “ANFO 6” is the abbreviation used for crushed ANFO 

at a 94% AN – 6% fuel oil composition, “ANFO 6 Prill” for prilled ANFO at a 94% AN – 6% fuel oil 

composition, and the “BOOSTER” refers to the use of an 8 g pentolite booster with the ANFO. 14 m3 and 

1 m3 stand for the blasting chamber size used. 

 

Figure 36: Range of results for CO production as a ratio 
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Figure 37: Range of results for NO2 production as a ratio 

 

Figure 38: Range of results for CO production in L/kg 
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Figure 39: Range of results for NO2 production in L/kg 

Immediately, it is apparent that emulsion produces very little toxic fume as compared to ANFO and that 

CO and NO2 can coexist, especially in ANFO.  These observations are further examined to help remove the 

effects of the size of the blasting chamber on any trends observed.  The toxic fume outputs for the entire 

sample of ANFO charges are displayed in Figure 40 through to Figure 43.  Data plotted in these figures 

consist of shots from different confinements, diameters and particle sizes.  They are used to provide 

approximate results on fume concentration and gross differences between products.  Data outliers were 

investigated, and shots with evidence of equipment or explosive failure were removed from further 

analysis.  Other outliers could be explained by their experimental set-up such as confinement, limestone 

addition, etc.  The ranges of the toxic fume output observed correlate with previous findings by Roberts 

(1992) at Queen’s University, Garcia & Harpalani (1989) at the San Xavier Mine Laboratory, and Rowland 

III & Mainiero (2000) at the PRL. 
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Figure 40: Range of results for CO production as a ratio compared to charge weight 

 

Figure 41: Range of results for CO production in L/kg compared to charge weight 
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Figure 42: Range of results for NO2 production as a ratio compared to charge weight 

 

Figure 43: Range of results for NO2 production in L/kg compared to charge weight 

The fume results in the smaller blasting chamber are, on average, higher than those in the larger chamber.  

The results show a slight downwards trend of toxic fume output with increasing charge weight. The charge 
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weight is an indirect factor of the charge dimensions; diameter and length.  Charge diameters used in this 

experiment were above the critical diameter for ANFO.  Charge lengths used in the small blasting chamber 

were predominantly 20 mm whereas in the larger chamber, lengths of 30 mm were used.  In the shorter 

charges, more of the detonation is occurring close to the initiation point and higher amounts of non-ideal 

fume output are expected. The toxic fume output versus diameter are plotted in Figure 44 and Figure 45.  

The results show a fair amount of scatter, with no discernible effect of scale on the toxic fume output. 

 

Figure 44: Range of results for CO production as a ratio compared to charge diameter 
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Figure 45: Range of results for NO2 production as a ratio compared to charge diameter 

4.2 Effect of Explosive Composition 

As mentioned previously, it was immediately apparent that the emulsion explosive tested had very little 

toxic fume output as compared to ANFO.  But due to its lower price and ease of loading, ANFO is still the 

explosive of choice in the mining industry and the focus of the majority of the experiments in this 

investigation.  Standard ANFO is mixed at a ratio of 94% Ammonium Nitrate – 6% Fuel Oil which is slightly 

oxygen negative.  Prill size of the AN has an effect on the ideality of the detonation of ANFO and particle 

size is an important factor to consider.  This experiment compared ANFO mixtures with industry standard 

prill size as well as crushed prill to examine the effect of particle size. A third test where the oxygen balance 

was also reduced further by overfuelling an ANFO mixture to 92% Ammonium Nitrate -8% Fuel Oil was 

conducted.  The details of these three tests are summarized in Table 15.  The results are displayed in 

carbon ratio form in Figure 46 and Figure 47, and the velocities of detonation of the mixes are presented 

in Figure 48. 
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The overfuelled 92% AN- 8% fuel oil shot contained crushed prill and used an 8 g pentolite booster to 

initiate. Boosters are used to amplify the shockwave produced by the blasting cap to the level required 

for the main charge to detonate. In these experiments, boosters were used with the tests where a 

marginal initiation was more likely; these were the tests where the sensitivity of the explosive was 

reduced due to a large particle size, poor oxygen balance, or additives used. 

As can be expected, the results from the ANFO with crushed prills displayed a detonation with a higher 

velocity of detonation than their non-crushed prill counterparts, and achieving a velocity of detonation 

almost twice as high. The smaller particle size allows more contact between the fuel oil and the AN giving 

a more ideal detonation.  The concentration of NO2 was reduced by one third.  As expected, the 92% AN- 

8% fuel oil mixture of crushed ANFO had an elevated CO measurement due to more negative oxygen 

balance of the ANFO and the booster itself which is also negatively balanced.  The concentration of NO2 

was approximately half of the crushed 94-6 ANFO test but its presence is contrary to the thermodynamic 

calculations, which predicted no NOx formation. Its velocity of detonation was slightly lower than the 

crushed, balanced 94% AN – 6% fuel oil test.  
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Table 15: Summary of shots for effect of explosive composition  

 

  Charge Peak PPM Peak Ratios 

Blast 
Mass 

g 
Booster Additive 

Ø 
mm 

VOD 
m/s 

CO CO2 NO NO2 NOx   CO NO2 NOx 

21 135.3 8 g ANFO 6 P 25 1732 210 820 95 25 104 Gas / (CO+CO2) 0.204 0.024 0.101 

           L gas/ kg explosive 20.2 2.4 10.0 

40 182 8 g ANFO 25 3408 250 950 117 21 133 Gas / (CO+CO2) 0.208 0.018 0.111 

   + BOOSTER        L gas/ kg explosive 20.6 1.7 11.0 

39 174 8 g ANFO 92-8 25 3145 350 890 116 9 125 Gas / (CO+CO2) 0.282 0.007 0.101 

           L gas/ kg explosive 36.2 0.9 12.9 
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Figure 46: Measured CO in different compositions of ANFO 

 

 

Figure 47: Measured NO2 in different compositions of ANFO 
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Figure 48: Measured VOD in different compositions of ANFO 

 

4.3 Effect of Additives 
Aluminum was the first additive to ANFO tested.  Paint grade aluminium was mixed with the 94-6 

composition of crushed ANFO.  Aluminium is generally added to ANFO to increase its sensitivity and 

exothermic output.  Two tests with 1% aluminium (99% ANFO/ 1% Al) and 2% aluminium (98% ANFO/ 2% 

Al) were performed.  No booster was used in the shots containing aluminium.   

The second additive to ANFO tested was limestone powder, as previous studies (Rowland III & Mainiero, 

2000) have used limestone addition to simulate drill cuttings mixing with the loaded explosive. Limestone 

powder (Lst in the figures) was added as 5%, 10% and 15% of the explosive mass (ANFO) to test its impact 

on fumes. A booster was used in the limestone shots, so a comparable 94% AN- 6% fuel oil charge with a 

booster was included in the results. Each test was conducted in the 14 m3 blast chamber and used crushed 

ANFO. Further particulars of each charge from the aluminium and limestone trials are presented in Table 

16 . The CO, NO2 and NOX results as a ratio are presented in Figure 49-Figure 51.  The changes in the 

velocity of detonation are also demonstrated in Figure 52. 



 

69 
 

Table 16: Summary of shots for effect of explosive additives 

 Charge         Peak Concentration (ppm) Peak Concentration 

Blast 
Mass 

g 
Booster Additive 

Ø 
mm 

VOD 
m/s 

CO CO2 NO NO2 NOx   CO NO2 NOx 

16 143   ANFO 25.4 3375 280 1360 184 48 224 Gas / (CO+CO2) 0.171 0.029 0.137 

16                     L gas/ kg explosive 16.8 2.9 13.4 

12 82.3   Al 1% 19 3348 180 1000 115 22 137 Gas / (CO+CO2) 0.153 0.019 0.116 

12                     L gas/ kg explosive 14.8 1.8 11.3 

18 185   Al 2% 25.4 3431 310 1220 213 54 257 Gas / (CO+CO2) 0.203 0.035 0.168 

18                     L gas/ kg explosive 19.5 3.4 16.2 

40 182 8 g ANFO 25.4 3408 250 950 117 21 133 Gas / (CO+CO2) 0.208 0.018 0.111 

40     
+ 

BOOSTER               
L gas/ kg explosive 20.6 1.7 11.0 

41 186 8 g L 5% 25.4 3202 240 960 117 17 134 
Gas / (CO+CO2) 0.200 0.014 0.112 

41                     L gas/ kg explosive 21.0 1.5 11.7 

42 187 8 g L 10% 25.4 2740 180 790 85 10 95 Gas / (CO+CO2) 0.186 0.010 0.098 

42                     L gas/ kg explosive 20.6 1.1 10.9 

46 370 8 g L 15% 38.1   250 1350 145 16 160 Gas / (CO+CO2) 0.156 0.010 0.100 

46                     L gas/ kg explosive 18.3 1.2 11.7 
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Figure 49: Measured CO in ANFO with different additives 

 

 

Figure 50: Measured NO2 in ANFO with different additives  
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Figure 51: Measured NOx in ANFO with different additives 

 

 

Figure 52: Measured VOD’s in ANFO with different additives 
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In theory, the addition of 1% and 2% aluminium will increase the CO output, and the NOX should remain 

negligible.  In the experimental results, the CO output did increase between the tests with 1% and 2% 

aluminium.  However, all shots produced nitrogen oxides. Velocity of detonation remained relatively 

constant with the 2% aluminium mixture being slightly higher than the 1% aluminium and the ANFO-only 

charges. 

The tests with increasing amounts of limestone showed a reduction in the CO output, and a significant 

decrease in NO2 and velocity of detonation. NOX did not show much of a change across the limestone 

tests, indicating an increasing NO to NO2 ratio as the amount of limestone was increased. Similar results 

were found at the PRL by Rowland III and Mainiero (2000). Detonating the 15% limestone mixture 

successfully was difficult and no velocity of detonation was recorded, and evidence of marginal 

detonations was left behind such as unreacted ANFO and large pieces of the confining pipe.  To counter 

this, the diameter was increased from 25 mm to 38 mm and the confinement increased by using steel 

pipe with thickness of 13 mm. 

4.4 Effect of Confinement 

Confinement was altered by changing the material and the thickness of the material surrounding the 

explosive. The effect of confinement offered by metal pipes is multifaceted. The impedance and the 

thickness of the pipe affect the velocity of detonation, thus the ideality of the detonation.  The amount of 

work done by the expanding products on its surroundings also affects the fume output of commercial 

explosives.  To simplify the analysis, the different types and sizes of metal pipe used were allocated a 

relative confinement scale from 0 to 5, with 0 being no confinement offered and 5 being the thickest pipe 

made of the strongest material.  The details of the confinement scale are shown in Table 17. 
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Table 17: Confinement scale 

Confinement 0 1 2 3 4 5 

Pipe thickness 
and material 

1 mm Plastic 
Wrapper 

1.5 mm 
Copper 

Schedule 40 
Aluminium 

Schedule 40 
Steel 

Schedule 80 
Steel 

13 mm 
Steel 

 

Emulsion explosives were tested in order to determine if even with a very low predicted fume output, a 

trend could be observed with varying confinement.  ANFO is more strongly dependent on confinement, 

and a larger number of tests were conducted in order to capture a more convincing relationship than for 

emulsion explosives. 

Previous studies (Roberts, 1992; Wieland, 2005) have shown that confinement provided to the explosives 

affects the fume output. Roberts demonstrated that appropriate confinement reduces the toxic fume 

output, whereas a lack of confinement results in the charges detonating and releasing out-of-equilibrium 

fumes.  Using the work principle technique, the interaction between rock confinement and the reaction 

zone of the fumes is described by Wieland (2004).  He explained the production of non-ideal fumes with 

higher toxicity is more probable with thin confinement than with thicker walled confinement. 

4.4.1 Emulsion Explosives with Varying Confinement 

To start, four emulsion shots of 25 mm diameter were completed with varying levels of confinement.  The 

details of these four emulsion shots are summarized in Table 18. The results are presented in ratio of 

carbon output (Figure 53). The level 0 confinement included only the wrapper of the plastic packaging, 

which would produce some carbon monoxide gas upon combustion.  Even with emulsion’s relatively low 

output of fume, the trend is downwards for toxic fumes as the level of confinement increases. This is 

consistent with Roberts’ (1992) and Wieland’s (2005) findings; even moderate confinement is adequate 

to decrease toxicity of blasting fumes. This can also be witnessed in large mining blasts in soft overburden 
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material which offer little confinement to the explosive and result in orange coloured fume clouds. Even 

when emulsion explosives are applied, fume can be prevalent in these soft overburden blasts.   
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Table 18: Summary of emulsion shots 

 Confinement Peak Concentration (ppm) Peak Concentration 

Blast 
Mass 

(g) 
VOD 
(m/s) 

Pipe 
Thickness 

(mm) 
Length 
(mm) 

Ø 
(mm) 

Ranking 
(0 to 5) 

CO CO2 NO NO2 NOx  CO NO2 NOx 

24 201.5 5419 Copper 1.6 305 25 1 40 700 14 1 14 

Gas / 
(CO+CO2) 

0.054 0.001 0.019 

L gas/ kg 
explosive 

4.900 0.123 1.715 

35 334 5200 - - 305 25 0 100 1510 150 16 165 

Gas / 
(CO+CO2) 

0.062 0.010 0.102 

L gas/ kg 
explosive 

5.631 0.901 9.291 

36 216 5250 Steel 3.4 305 25 3 40 890 30 3 32 

Gas / 
(CO+CO2) 

0.043 0.003 0.034 

L gas/ kg 
explosive 

3.899 0.292 3.119 

37 201 - Copper 1.6 305 25 1 40 890 32 3 35 

Gas / 
(CO+CO2) 

0.043 0.003 0.038 

L gas/ kg 
explosive 

3.899 0.292 3.412 
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Figure 53: Emulsion fume output as a ratio with varying confinement (0 is no confinement, 5 is heavy confinement) 

The three velocities of detonation recorded (Figure 54) demonstrate typical and consistent speeds for the 

emulsion explosive.  This indicates that the confinement chosen may not have had a large effect on 

explosive performance, as it was able to detonate consistently at a high velocity of detonation. 

 

Figure 54: Emulsion VOD results with varying confinement (0 is no confinement, 5 is heavy confinement) 
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4.4.2 ANFO Charges in the 14 m3 Chamber with Varying Confinement 

The summary of the shots for ANFO shots in the 14 m3 chamber is available in Table 19. The fume results 

are presented below in Figure 55 through to Figure 57 , and the velocities of detonation are shown in 

Figure 58.  The effect of the 8 g pentolite boosters on the CO levels of crushed ANFO in the 14 m3 blast 

chamber was apparent as the trends changed if they were used.  Without the boosters, the CO and NO2 

levels decreased with increased confinement.  Shots with the boosters suggested that an increase of 

confinement lead to an increase in CO output but a decrease in NO2. This is expected behaviour as the 

pentolite boosters add to the CO output, and did not change the trend for NOx production.  Boosters were 

not necessarily needed for the crushed ANFO shots as similar shots (product, mass and confinement) were 

able to detonate successfully without them. 
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Table 19: Summary of crushed ANFO shots in 14 m3 chamber 

 

 Charge Confinement Peak Concentration (ppm) Peak Concentration 

Blast 
Mass 

(g) 
VOD 
(m/s) 

Booster Pipe 
Thickness 

(mm) 
Length 
(mm) 

Ø 
(mm) 

Rank  
(0 to 5) 

CO CO2 NO NO2 NOx  CO NO2 NOx 

10 80 3385 - steel 3.8 305 19 4 160 930 104 31 130 

Gas / 
(CO+CO2) 

0.147 0.028 0.119 

L gas / kg 
explosive 

14.29 2.77 11.61 

13 112 3258 - steel 2.8 305 19 3 240 1040 149 51 199 

Gas / 
(CO+CO2) 

0.188 0.040 0.155 

L gas / kg 
explosive 

18.45 3.92 15.30 

16 143 3375 - steel 4.6 305 25 4 280 1360 184 48 224 

Gas / 
(CO+CO2) 

0.171 0.029 0.137 

L gas / kg 
explosive 

16.80 2.88 13.44 

17 178 3359 - steel 3.3 305 25 3 270 1310 239 53 288 

Gas / 
(CO+CO2) 

0.171 0.034 0.182 

L gas / kg 
explosive 

16.82 3.30 17.94 

27 181.6 3370 - steel 3.3 305 25 3 380 1470 220 60 264 

Gas / 
(CO+CO2) 

0.205 0.032 0.143 

L gas / kg 
explosive 

20.21 3.19 14.04 

32 414.7 3717 8 g steel 3.8 305 38 3 810 2970 403 124 521 

Gas / 
(CO+CO2) 

0.214 0.033 0.138 

L gas / kg 
explosive 

21.14 3.24 13.60 

33 618 3630 8 g Alum. 3.9 305 51 2 280 1540 290 95 378 

Gas / 
(CO+CO2) 

0.154 0.052 0.208 

L gas / kg 
explosive 

15.17 5.15 20.48 
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34 169 3009 - Copper 1.6 305 25 1 310 940 162 28 188 

Gas / 
(CO+CO2) 

0.248 0.022 0.150 

L gas / kg 
explosive 

24.41 2.20 14.80 

38 158 3655 - steel 13 305 25 5 120 860 88 5 93 

Gas / 
(CO+CO2) 

0.122 0.005 0.095 

L gas / kg 
explosive 

12.05 0.50 9.34 

40 182 3408 8 g steel 3.3 305 25 3 250 950 117 21 133 

Gas / 
(CO+CO2) 

0.208 0.018 0.111 

L gas / kg 
explosive 

20.62 1.73 10.97 

57 650 3950 8 g steel 5.6 305 51 4 1070 3740 442 102 544 

Gas / 
(CO+CO2) 

0.222 0.021 0.113 

L gas / kg 
explosive 

21.93 2.09 11.15 



 

80 
 

 

Figure 55: Large chamber ANFO CO output as a ratio with varying confinement (0 is no confinement, 5 is heavy confinement) 

 

Figure 56: Large chamber ANFO NO2 output as a ratio with varying confinement (0 is no confinement, 5 is heavy 

confinement) 
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Figure 57: Large chamber ANFO NOx output as a ratio with varying confinement (0 is no confinement, 5 is heavy 

confinement) 

The measured velocities of detonation shown in Figure 58 average approximately 3300 m/s and are typical 

for ANFO.  Increasing confinement also increases the velocities recorded, indicating more of the reaction 

occurring in the shock front.  

 

Figure 58: Large chamber ANFO VOD results with varying confinement (0 is no confinement, 5 is heavy confinement) 
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4.4.3 Prilled ANFO with Varying Confinement 

Prilled ANFO was also tested in the 14 m3 chamber, and the results are presented separately because the 

effect of particle size is a strong influence on detonation performance. All tests used 8 g pentolite boosters 

and recorded velocities of detonation. The summary of the results are shown in Table 20, the fume 

outputs are shown in Figure 59 through to Figure 61. The velocity of detonation results are shown in Figure 

62.  In these five tests, the diameter is nearing the critical diameter for prilled ANFO.  As expected, the 

velocity of detonation results are lower than its crushed ANFO counterparts with an average of 2000 m/s, 

demonstrating that particle size of the ANFO is of high importance for achieving a more complete reaction. 

The larger particle size may contribute to a reaction occurring behind the detonation head, increasing the 

fume output as compared to the crushed ANFO trials.  Trends were not apparent with the toxic fume 

production but in the case of CO, larger amounts were produced than for the crushed ANFO tests. The 

results obtained demonstrate marginal detonations for the less confined shots, and the larger diameter 

and heavier confinement of the other shots enable the prilled ANFO to detonate at a higher (but still low) 

velocity of detonation.  Due to the marginal detonations, the fume results do not provide much insight 

into the effect of confinement on fume output, but the velocities of detonation show a definite upwards 

trend as confinement is increased. 
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Table 20: Summary of prilled ANFO shots in 14 m3 chamber 

 Charge Confinement Peak Concentration (ppm) Peak Concentration 

Blast 
Mass 

(g) 
Booster 

(g) 
VOD 
(m/s) 

Pipe 
Thickness 

(mm) 
Length 
(mm) 

Ø 
(mm) 

Rank  
(0 to 5) 

CO CO2 NO NO2 NOx  CO NO2 NOx 

21 135.3 8 1732 steel 3.3 305 25 3 210 820 95 25 104 

Gas / 
(CO+CO2) 

0.204 0.024 0.101 

L gas/ kg 
explosive 

20.22 2.41 10.01 

22 257 8 2068 steel 3.6 305 32 3 420 1260 205 77 247 

Gas / 
(CO+CO2) 

0.250 0.046 0.147 

L gas/ kg 
explosive 

24.71 4.53 14.53 

23 133.2 8 1100 Al 3.3 305 25 2 240 780 120 18 136 

Gas / 
(CO+CO2) 

0.235 0.018 0.133 

L gas/ kg 
explosive 

23.34 1.75 13.22 

55 529 8 2626 steel 13 305 51 5 450 1970 169 62 192 

Gas / 
(CO+CO2) 

0.186 0.026 0.079 

L gas/ kg 
explosive 

18.34 2.53 7.82 

58 317 8 2166 steel 5.1 305 38 4 630 1910 342 66 406 

Gas / 
(CO+CO2) 

0.248 0.026 0.160 

L gas/ kg 
explosive 

24.49 2.57 15.78 
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Figure 59: Prilled ANFO CO output as a ratio with varying confinement (0 is no confinement, 5 is heavy confinement) 

 

Figure 60: Prilled ANFO NO2 output as a ratio with varying confinement (0 is no confinement, 5 is heavy confinement) 
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Figure 61: Prilled ANFO NOx output as a ratio with varying confinement (0 is no confinement, 5 is heavy confinement) 

 

Figure 62: Prilled ANFO VOD results with varying confinement (0 is no confinement, 5 is heavy confinement) 

4.5 Fume Entrapment 

The main focus of this thesis was to study blast fumes continuously as they vent from blasted rock.  In an 

attempt to simulate the entrapment of post-blast fumes in a muckpile, small shots were detonated in 
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various containers.  With the continuous gas analyzer it was possible to obtain a clearer picture of how 

the fumes vent through the muckpile over the course of several hours.  Two tests with single pentolite 

boosters and a test with an ANFO charge were completed.   

The purpose of the experimental setup was to simulate a confined blast where fume concentration could 

be sampled as it was naturally released from the muckpile into the atmosphere before it is disturbed, as 

well as after disturbing the muckpile.  The sampling tube would be placed on top of the gravel pile and 

left there for a period of time and then it would be removed to allow for venting and/or disturbance of 

the muckpile. The sampling tube would then be re-inserted to continue the data acquisition.  The first 

shot consisted of a 20 g pentolite booster shot in a 210 litre steel barrel filled with wet gravel and sealed 

with a 121 litre polyethylene container used as a lid; shown in Figure 63.  

 

Figure 63: Setup of gravel container with lid on, lid off and knocked over 
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With the lid in place on top of the muckpile, the sampling tube was approximately 30 cm above the 

muckpile. After an hour, the lid was removed to simulate venting and to allow existing contaminants to 

migrate.  After another hour, the barrel was knocked over to disturb the gravel in an attempt to reproduce 

the results from the health study by Bakke et al. (2001) in Norway.  Approximately half of the gravel was 

dumped out of the barrel and shoveled around to simulate excavating the muckpile to measure any 

resultant concentrated releases of blast fumes. Once the barrel was knocked over, the sampling tube was 

simply placed directly on top of the gravel pile in open air.  The CO and CO2 results are presented in Figure 

64.  

This test demonstrates that blast fumes do not vent consistently, but do contribute continuously for quite 

some time. Even after venting, a similar concentration returns once the cover is replaced.  The 

measurements do not reach amounts expected for a 20 g booster, indicating a significant portion of the 

gases remain in the muckpile.  Spikes in gas concentration were seen when the gravel was moved around; 

indicating fumes were trapped and released by working on the muckpile two hours after detonation.  

These spikes reached levels higher than the original peaks, suggesting a potentially serious worker health 

concern during loading of the muckpile.  The corresponding CO to CO2 ratio is shown in Figure 65, and was 

calculated with baseline levels of 0 ppm for both CO and CO2. A decrease in the ratio is seen when the 

barrel was knocked over and shoveling began. This is evidence that more of the CO escaped the muckpile 

whereas the heavier CO2 remained trapped for longer. 
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Figure 64: CO and CO2 concentration of booster test 1 in 210 L gravel 

 

Figure 65: The CO : CO2 ratio of booster test 1 in 210 L barrel 
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The second shot with a 20 g pentolite booster had a similar experimental setup to the previous but used 

a blue woven polyethylene covering of 0.14mm thickness as a lid instead of a container.  The sampling 

tube was placed in between the gravel and the covering, approximately 1cm above the muckpile.  Once a 

constant concentration of CO was reached, the cover was removed for 10 minutes, allowing the gases to 

clear before reattaching the covering and resuming sampling.  The CO and CO2 concentrations are 

displayed in Figure 66, and the CO:CO2 ratio is shown in Figure 67.  The rate at which CO escapes from the 

muckpile is seen to be decreasing as time goes on. The same is observed with the CO to CO2 ratio.  This 

confirms the observations from the previous booster test; CO escapes at a quicker rate than the heavier 

CO2. As time passes, more CO2 remains in the muckpile and becomes the dominant fume emitted.  This 

indicates a potential for NO2, a heavier gas, to remain trapped in the muckpile. 

 

Figure 66: CO and CO2 concentration of booster test 2 in 210 L gravel 

On Off Off 

Lid On/Off 

On On Off On Off Off On 
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Figure 67: The CO : CO2 ratio of booster test 2 in 210 L barrel 

A similar test was conducted with a small charge of crushed ANFO in order to determine if NOx fumes 

were released from muckpiles comparably to CO from the pentolite boosters.  The mass of the ANFO 

charge was 100 g and was placed in a schedule 40 steel pipe of 25 mm diameter. This pipe was then placed 

in a larger 76 mm steel pipe and the space between the pipes filled with gravel in order to contain energy 

and minimize damage to the barrel. The barrel was half filled with gravel, the charge was placed and then 

the barrel was filled to the top with gravel, as seen in Figure 68. The limestone gravel in the steel barrel 

was noticeably wet, as it was stored outside.  No lid was used, and the muckpile was able to vent in open 

air at the top of the barrel.  The sampling tube was placed 5 cm above the surface of the muckpile. 
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Figure 68: Placement of the ANFO charge inside the barrel (Katsabanis & Taylor, 2014) 

As can be seen in Figure 69, small amounts of CO and CO2 are being recorded in random spikes as the 

muckpile vented continuously for just over 4 hours.  At the end of this sampling period, the muckpile was 

disturbed by shoveling out some of the material.  Elevated levels of fume concentrations were released 

from the muckpile once disturbed.  Undoubtedly, there is continuous venting to the atmosphere from the 

muckpile and high concentrations can be released when the muckpile is disturbed a number of hours after 

firing.  

NO2 levels were hard to determine as they remained close to the analyzer’s level of resolution. The gravel 

used contained a significant amount of moisture and this could have reacted with the NO2 produced, 

limiting the amounts of NOx fumes measured at the surface of the muckpile. 
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Figure 69: CO and CO2 concentrations of ANFO in 210 L gravel 

To grasp an idea of how much fume is withheld in the gravel, two shots in the 1 m3 blasting chamber with 

8 g boosters were compared.  The first shot had the booster placed in a 17 litre polyethylene bucket of 

gravel as seen in Figure 70.  Upon detonation, the bucket was blown apart and the gravel was spread 

across the chamber floor, allowing the majority of the fume produced to immediately fill the chamber.   

 

Figure 70: 17 L plastic bucket fume entrapment setup 

Shoveling 
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Figure 71: 77 L plastic bucket fume entrapment setup 

The second shot was a booster in a 77 litre polyethylene bucket of gravel, which remained intact upon 

detonation, allowing the gravel to entrap the fumes produced, shown in Figure 71.  The CO measurements 

are presented in Table 21 and the carbon gases are plotted in Figure 72 and Figure 73. 

Table 21: Fume entrapment of CO from 8 g booster 

 

Peak

ppm

Peak time

(min)

Clear Time

(min)

Shot 1 1750 5 46

Shot 2 500 25 120 +
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Figure 72: CO and CO2 concentration of booster in 17 L gravel 

 

 

Figure 73: CO and CO2 concentration of booster in 77 L gravel 
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With minimal gravel containment in the 17 litre bucket, it took the 8 g booster approximately 46 minutes 

to subside back to a level of 0 for CO after achieving its peak at 5 min.   The booster shot that remained 

contained by the gravel in the 77 litre bucket did not arrive at its peak until 25 minutes after detonation 

and did not subside before the sampling was stopped at 70 minutes.  It is also noticeable that the CO: CO2 

ratios from both shots differ considerably.  In the 17 litre bucket where the gases escaped immediately 

upon detonation, the ratio remains close to 1 throughout the sampling period.  In the 77 litre bucket 

where the gases had to migrate through the muckpile before being sampled, the ratio climbs to 

approximately 3 at the peak and subsides to approximately 2.  It is expected for CO to react with the 

oxygen available in open air to form CO2, which could explain the difference in ratio between the two 

shots.   There is also evidence that CO and CO2 migrate at different rates through the gravel.  In Figure 73, 

more CO is released more quickly than CO2.  This would also contribute to a higher CO: CO2 ratio in the 77 

litre shot. 

Comparing the two peak CO concentrations, a rough estimation of the difference in CO output between 

the shots can be measured. The more confined shot resulted in approximately 29% of the CO released 

from the less confined shot in the time span examined; a much smaller percent than found by Garcia & 

Harpalani (1989) during their research.  
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Chapter 5 Discussion 

Explosive type, explosive composition and confinement offered to the explosive are known to contribute 

to toxic blast fume production. With a continuous gas analyzer, blasting fumes were measured to analyze 

the impact of these factors.  Explosive type was found to be the most significant factor; emulsion 

explosives were not greatly impacted by other conditions and detonated at expected velocities with low 

toxicity.  ANFO explosives produced relatively more considerable amounts of toxic fumes in every test, 

even when chemically balanced, which is of concern. The results showed ANFO’s fume spectrum to be 

significantly affected by its composition and the confinement offered to it, factors for which there is little 

control over in a mine environment.  The amount of confinement offered in the field can vary greatly, 

even in the same blast, and explosive selection and application is important in preventing toxic blasting 

fumes.  Aluminium and limestone were added to the ANFO in an attempt to reduce the toxicity of the 

fumes produced.  Further in-depth studies would be of interest to determine the full effects of these 

additives, especially when NOx fumes were not always reduced. The addition of fuel such as aluminium 

changes the oxygen balance of the explosive and the addition of limestone renders part of the 

composition inert. 

On average, the tests with ANFO conducted in this investigation produced approximately 23 L of CO per 

kg of explosive and 3.5 L of NO2 per kg of explosive.   

Exposure to blasting fume is a known major health hazard, but the methods of exposure are still being 

explored.  In today’s practice, it is assumed that all blasting fumes are instantaneously released to the 

surrounding atmosphere and the subsequent dilution by ventilation or open air will eliminate any health 

risks.  Recently, entrapment of toxic fumes in muckpiles after a blast and their delayed release has been 

signaled as a significant risk to workers, but little work has been done to quantify the possible exposure 

level. Based on previous research and this study, muckpiles should be considered a continuous source of 
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contaminants, possibly at high concentrations many hours post-blast.  It was found in this study that 

fumes are slowly released from muckpiles and when disturbed, high concentrations are released, 

representing a possible risk during the digging and transportation of the muckpile.   

In this section, the results gathered from this investigation and their method of analysis are discussed with 

their implications explored.  

5.1 Explosive Composition 

It was quickly apparent that explosive type had the most significant impact on fume output and its toxicity. 

The toxic fume produced from the emulsion type tested was very low when compared to ANFO and 

consisted mainly of CO2.  Another important observation, was that with the exception of the unconfined 

test, the emulsion trials consistently produced similar fume and velocity of detonation results; regardless 

of other factors. 

ANFO had more variability in its results due to the many parameters that influence non-ideal behaviour.  

A summary of results from previous studies and the current research are presented in Table 22 . 
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Table 22: Summary of explosive composition findings 

Explosive Composition 
Range 

CO 
L/ kg 

Range 
NO2 
L/ kg 

Trends 

Rowland III & Mainiero (2000)      CO increases as oxygen balance decreases 

ANFO, various oxygen balances 3 - 50 0 - 8 NO2 increases as oxygen balance increases 

Van Dolah, Murphy & Hanna (1961)     CO increases as oxygen balance decreases 

ANFO, various oxygen balances 2 - 28 2 - 50 NO2 increases as oxygen balance increases 

Roberts (1992)      

Emulsions 1 - 6 1 - 9  

Garcia & Harpalani (1989)      

Emulsions 11 - 18 1 - 4  

Present Study      

ANFO, various oxygen balances 12 - 36 0.1 - 2.4 
CO increases as oxygen balance decreases, 
NO2 increases as oxygen balance increases 

ANFO Prill 20 - 25 2 - 3 
 
Prilled ANFO produced more NO2 than 
crushed ANFO 

Emulsions 4 - 6 0.1 - 1 Very low toxic fume output 

 

The detonation of ANFO produced significant amounts of NO2, even at a negative oxygen balance.  The 

size of the AN prill in ANFO had an impact on this investigation due to the small size of charges used.  

ANFO with industry standard prill size did not detonate as ideally as smaller crushed AN prill mixtures of 

ANFO.  Velocities of detonation recorded were lower, and NO2 output was increased. The smaller 

diameters used in this investigation produced closer to marginal detonations in the prilled ANFO mixes.  

Although every ANFO mix in this experiment was carefully mixed, the smaller crushed prill AN was able to 

more intimately mix with the fuel oil and a more complete detonation occurred. Especially when mixing 

takes place on site, improper mixing of AN and fuel oil is a real possibility resulting in an increased risk of 

producing toxic blasting fumes. 
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ANFO was also tested at a more negative oxygen balance of 92% AN and 8% fuel oil by weight.  The results 

gathered matched those of previous research.  NO2 production was halved but this came with a tradeoff 

of velocity of detonation performance. 

No matter the conditions tested, ANFO always produced some amount of NO2 and CO, whereas the 

emulsion explosive produced very low amounts, producing approximately 5% of the amount ANFO did in 

litres per kg of composition.  This was discussed in the tunnel study by Bakke et al. (2001) where only the 

workers in areas where ANFO had been detonated were exposed to toxic blasting fumes, NOx in 

particular. Workers in the tunnels that used emulsion were not exposed to dangerous levels of toxic fume 

and did not show any statistically significant decrease in lung function over the course of a 10 day shift.  

The use of ANFO may be problematic when used in applications where very non ideal conditions occur, 

such as lack of confinement and small charge diameters. Naturally, the possibility of fumes when ANFO is 

used in wet environments is severe. This was not tested here as the evidence of this in the literature is 

conclusive. 

5.2 Additives 

Aluminium has historically been a common additive to explosives to increase their energy output.  ANFO 

and aluminium were mixed to formulate mixes of 1% and 2% aluminium by weight.  Testing of higher 

proportions of aluminium was limited by the smaller size of the current blasting chambers. Less NO2 was 

produced with the addition of 1% aluminium compared to standard ANFO, but a high amount was 

recorded for the charge with 2% aluminium. Previous research at the PRL (Rowland III & Mainiero, 2000) 

and the study by Maranda et al. (2011) assessed the use of blended mixtures of 10% and 12% aluminium 

with ANFO, respectively.  Their findings of decreasing NO2 amounts with increased aluminium addition 

were not replicated in this investigation as such large additions modify oxygen balance significantly, 

resulting in significant CO emissions.   
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Crushed limestone was added to ANFO and had encouraging results for the use of additives for toxic fume 

suppression.  As the proportion of limestone increased, the amount of NO2 produced decreased, but the 

velocity of detonation also decreased.  This investigation explored limestone addition as an intentional 

fume suppression technique and the limestone powder was mixed with ANFO to form the charge. The 

results obtained are not representative of drill cuttings mixing with the ANFO in a drill hole. In a drill hole, 

cuttings would mix with only a small portion of the ANFO and contaminate only that portion, which would 

then most likely detonate marginally and could produce toxic fumes. It is also plausible that as the 

proportion of limestone increases less explosive is available for detonation, resulting in a reduction of 

fumes.  Nonetheless, additives to ANFO represent an area for further study into reducing toxicity of 

blasting fume. 

5.3 Confinement 

Confinement was offered to explosive charges by varying the strength and thickness of the material 

containing the explosive.  The emulsion trials with varying confinement did not show any discernible 

trends with the exception of when no confinement was offered.  No confinement resulted in 

approximately twice as much toxic fumes being produced.   These levels are still low when compared to 

levels generated by detonation of ANFO, indicating that emulsion’s explosive performance is not greatly 

affected by confinement.  Blasts in open pit mines involving soft overburden material have reported 

orange blasting fumes being formed when ANFO or heavy ANFO blends are used. 

The tests using prilled ANFO did not present fume production results with observable trends, and the 

larger particle size may have been a larger contributor to fume output than confinement.  The velocities 

of detonation increased with confinement and were lower than those of crushed ANFO. Tests with larger 

masses and diameters would provide better conditions for prilled ANFO to detonate more ideally, and for 

trends based on confinement to be observed.   
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This investigation’s experimental setup was more amenable to the smaller particle size of the crushed 

ANFO. In these tests, it was observed that the higher the confinement offered, the more complete the 

reaction. Both CO and NO2 levels were reduced as the velocity of detonation increased.  The exceptions 

were the ANFO shots using boosters, where NO2 concentrations remained unchanged but CO levels 

increased with confinement, as can be expected when using pentolite boosters.  This investigation’s 

findings correlate with previous research and industry experience on confinement’s effect on toxic fumes. 

5.4 Fume Entrapment 

Previous research claims that fumes appear to remain trapped in blasted muckpiles for significant 

amounts of time were the main prompt for this current thesis.  With the continuous analysis of the post-

blast fumes, it was found that the fumes move slowly and at different rates towards the surface and are, 

in essence, trapped in the muckpile for long periods of time.  Thus significant fume concentrations may 

be released during the digging cycle of the muckpile. The work simulating fumes released in broken rock 

showed high local concentrations of CO. Heavier gases, like CO2 were shown to be trapped in higher 

proportions indicating the possibility of entrapment of NO2. This is in accordance with Bakke et al. (2001), 

whose study found higher amounts of NO2 close to blasted material being transported.  A high 

concentration of NO2 was not recorded in the few experiments with small quantities of ANFO. This may 

have been due to the moisture present in the muckpile; NO2 is known to react with water to produce 

nitric acid. 

Post-blast dilution ventilation models used to calculate mine re-entry times assume all post-blast fumes 

are ejected upon detonation.  The results clearly show that fumes can be trapped in the muckpile and 

continuously vent to the atmosphere for hours afterwards. The continuous production of fume from the 

muckpile may have significant impacts on worker health and safety. Current safety practice is to consider 
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only the total volume of fume that could be produced and assume that all of it is released to the air 

immediately following detonation.   

Chapter 6 Conclusion and Recommendations 

In today’s mining industry, emulsion and ANFO based explosives are the most commonly used for blasting.  

Previous research has attempted to relate various factors to the type and amount of toxic fume 

production from these explosives.  In this investigation, the use of a continuous gas analyzer enabled the 

peak fume concentrations in the blast chambers to be measured with more certainty.  The factors 

explored previously; product formulation, additives used and the confinement offered to the explosive 

were repeated and the results from the continual analyzer were used to compare to the previous 

experiments.   

ANFO is manufactured to be stoichiometrically balanced, but the environment it is applied to affects its 

detonation process, so that toxic fumes are produced.  ANFO displayed a higher toxicity of blast fume than 

emulsions, due to its production of nitrogen oxides.  Even fuel-rich compositions, which typically favour 

the production of CO, produced nitrogen oxides. The emulsion explosive tested had consistent results and 

low toxicity of detonation products. Of the other factors tested, confinement had an important impact on 

fume generation.  High confinement leads to a better detonation process and lower toxic fume output.  

Consideration of the rock type and its strength is instrumental in designing a blast, with explosive selection 

being very important in low confinement situations. 

This investigation used relatively small charge diameters, and the prilled ANFO has a smaller fraction of 

material reacting before the C-J relative to crushed ANFO.  Ideality of detonation may play a role in toxic 

fume creation with the situation becoming worse at diameters close to the critical diameter.  The effect 
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of diameter was not conclusive in the present experimental observations, however any conditions 

resulting in marginal detonations may need to be avoided. 

Limestone powder proved to be an interesting additive to ANFO as it cut the production of NO2 

significantly.  As expected, the higher the proportion of limestone became, the lower its velocity of 

detonation became.  A more thorough investigation into finding an optimum limestone addition rate to 

explosive performance is recommended. 

Blast fume entrapment in muckpiles was the focus of this experimental thesis due to Bakke’s (2001) study 

in Norway which demonstrated that there is a serious potential detrimental health effect to tunnel 

workers that use ANFO for blasting due to their exposure to post blast fumes, in particular NO2. All small 

scale tests carried out with ANFO resulted in nitrogen oxides being produced.  This investigation 

demonstrated that blast fumes produced were trapped in the limestone gravel for considerable amounts 

of time, and this fact has previously been overlooked in blasting safety protocols.  Muckpiles blasted with 

ANFO or ANFO based explosives have the potential to trap dangerous levels of nitrogen oxides. The 

concentrated release of these nitrogen oxides from the muckpile once disturbed in the presence of 

workers could significantly affect their health and safety. Recommendations for future investigations are 

listed in the following: 

 Studies in larger muckpiles, in a working mine if possible, to investigate: 

o The amount of fume that remains trapped in the muckpile 

o The duration of time it remains in the muckpile 

o The rate at which the different gases migrate through muckpiles 

o The effect of the humidity within the muckpile on the fume spectrum 

o The effect of different blast geometries (box cut, free face, cast blast, etc) on the amount 

of fume that remains trapped in a muckpile.   
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With the current work and future research into the listed issues, safety procedures across the industry 

can be updated to mitigate the risk of exposure of trapped fumes to workers. Wetting of the muckpiles 

after the blast may help in reducing the toxicity of the fumes trapped therein, by minimizing the amount 

of NO2 that escapes the muckpile. If work is to be carried out immediately on the muckpile, and workers 

may be exposed to fume, it could be suggested that the ventilation continues while the work is being 

undertaken and personal gas monitors worn.  Depending on the levels found, personal gas masks may be 

required.  If the muckpile is to sit untouched for a period of time, it may be prudent to give the area a 

precautionary ventilation flush before the workers arrive to clear the area of toxic fumes that may have 

been slowly released. The recommended larger scale experiments of fume entrapment and analysis in 

muckpiles of working mines or tunnels would give more relatable results to adjust safe work procedures 

if necessary. 

This experimental study has clearly demonstrated blast fumes can remain trapped in muckpiles and will 

hopefully prompt further research into fume entrapment to help determine if a significant risk to worker 

health and safety is present at blasting operations. The rate of fume migration through muckpiles, the 

amount of fume that remains trapped in larger scale experiments and the effect of the shape and the 

condition of the muckpile (wet or dry) are important issues to be investigated in future work.   
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