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2 List of Figures 

 

Figure 1. Cavity formed by a pressurized gas outburst at Impala 14 Shaft on 30 

October 2013. The void is a minimum of 10m long by 8m high by 2m wide.  

 

Figure 2. Sub-vertical lamprophye dyke 6-10 cm thick cutting 1 – 3 cm thick “dolerite” 

dykelets. The yellow paint splashes are used by the geologists to mark the dykes. 

 

Figure 3. Results from argon step heating for sample GH-1. 

 

Figure 4. Results from argon step heating for sample GH-2. 

 

Figure 5. Argon step heating results for sample GH-3. 

 

Figure 6. Halite-natrolite sample supplied by Implats studied for fluid inclusions. 

 

Figure 7. Doubly polished fragment of halite sample in which a fluid inclusion trail was 

observed during petrographic study. 

 

Figure 8. Fluid inclusions observed at room temperature, showing liquid, vapour and 

solid phases.  

 

Figure 9. Thin, subvertical calcite-filled joints at the outburst site. 

 

Figure 10. Greenish serpentine-filled joints just above the blue pen used as a scale. 

 

Figure 11. Lamprophyre dyke cutting the black UG2 Reef and the footwall anorthosite. 

 

Figure 12. Borehole camera image of the end of the hole that caused the pressurised 

gas outburst. The rock appears to be a plagioclase (white)-biotite(dark brown) 

pegmatite. Note the small cavity to the upper right.  

 

Figure 13. Ground penetrating radar survey being conducted across the development 

face where the gas outburst occurred. 
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Figure 14. The drill-hole which caused the pressurised gas outburst is marked in white 

on black Merensky Reef. Clinorule for scale. 

 

Figure 15. Joint surface cutting across Merensky Reef filled with greenish-black 

serpentine. 

 

Figure 16. Outburst site on Merensky Reef, marked by the inserted steel rod. 

 

Figure 17. White plagioclase pegmatite with dark brown biotite laths in the sidewall of 

the drive.  

 

Figure 18. Expected sources of methane for the Bushveld Complex. 
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3 Executive Summary  

 

South Africa is the world’s largest producer of platinum group metals. Mining on the two 

main ore-bearing reefs – the Merensky Reef and the UG2 Reef - began on the 

outcrops, and is now conducted at depths >1 000m. In 2007, a pressurised gas outburst 

occurred during underground operations at Impala Platinum Holding Limited’s (Implats) 

11 Shaft. Investigations into this outburst and several subsequent ones at other Implats 

shafts, found that they were a phenomena unique to the Bushveld Complex. These 

outbursts result in loss-time injuries to the rock drill operators.  

 

The Safety in Mines Research Advisory Council recognised in 2013 that the pressurised 

gas problem will grow as mining becomes deeper, and initiated a project to study the 

phenomenon, implemented through the Mine Health and Safety Council. The project 

was put out to tender, and the Council for Scientific and Industrial Research (CSIR) was 

the successful bidder. 

 

The project started in October 2013 with a literature review and kick-off meetings with 

the four major platinum mining companies – Implats, Anglo American Platinum Limited 

(Angloplats), Lonmin Plc (Lonmin) and Northam Platinum Limited (Northam).  The 

companies were all highly supportive of the project. During the course of the study, a 

number of significant challenges were come upon that had a major impact on the 

successful and timely conclusion of the project. These were communicated to SIMRAC 

and the MHSC together with a request for guidance going forward. Following the 

presentation of the progress report to SIMRAC on the 17th June 2014, a decision was 

taken by the Committee on the 3rd July 2014 to stop the project with immediate effect 

because of the high risks involved.  This final report forms part of the closure 

documentation requested by the MHSC. 

 

The completed literature review has shown that the pressurised gas outbursts are 

unique to the Bushveld Complex, and that there is no published information about them. 

The current project is thus important to gain a fundamental understanding of the 

pressured gas outbursts, encompassing the nature and sources of the gases, where the 

gases occur and how they are transported. This new information with inform the 

development of a pressurised gas mitigation strategy for the mining companies. 
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As a result of early project closure, on-mine studies have concluded. The major 

challenge was the platinum miners’ strike that disrupted communication with the 

platinum mining companies and hindered on-mine studies for 5 months.   

 

Preliminary interpretations indicate that all the pressured gas outbursts are directly or 

indirectly related to geological features or a combination of such features. These include 

faults/shear zones, joints, dolerite and lamprophyre dykes, iron-rich ultramafic 

pegmatites (IRUPs), felsic pegmatites and potholes. Preliminary argon-argon age dating 

indicates that (i) the felsic pegmatites are of Bushveld age (~2 050 million years old 

(Ma)); (ii) the dolerites are Karoo aged (~214-217 Ma) and (iii) the lamprophyres are 

~140 Ma in age. This suggests that the pressurised gases probably associated with 

these intrusions are of different ages.  A reconnaissance fluid inclusion study on a 

halite-natrolite rock, associated with a major pressurised gas outburst, indicates that 

there in probably no water in the small fluid inclusions found in one sample. Further 

Raman microspectrometric work is needed to identify the volatile phases that could be 

carbon dioxide, methane, ethane or nitrogen.  

 

Four underground mines visits conducted at sites where pressured gas outbursts 

occurred confirm that the outbursts are associated with geological features. This 

recognition will be important in the formulation of a Standard Operating Procedure for 

geological data flow for the mines.  

 

A financial summary of the expenses incurred to date on the project is included in this 

final report. It is strongly recommended that SIMRAC and the MHSC pursue a revised 

study to fully understand the pressurised gas outbursts, and their mitigation, as these 

outbursts will continue to be a major safety problem in the future as platinum mining 

becomes deeper. The findings of this study are a good foundation for the new study. 

 

 

 

 

 

 

.  
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4 Overall Project Aims and Objectives 

 

South Africa is one of the world’s major mining countries because of its significant resources 

of many important commodities such as gold, chrome, the platinum group elements (PGE), 

iron ore and manganese. Most of the gold and PGE mining is conducted deep underground, 

in workings reaching down to over 3 800 metre below surface for Mponeng gold mine, and 1 

300 metres for several PGE shafts.  Mining at these depths is extremely difficult, and the 

South African mining industry has developed technologies over the past half century to cope 

with the harsh conditions encountered.  

One of the hazards encountered in the deep gold mining industry is the occurrence of 

methane in underground workings. These have caused fatalities and serious injuries when 

the methane (or other flammable gases such as hydrogen) was ignited accidentally. There 

are thus strong guidelines in place, under the auspices of the Mine Health and Safety 

Council (MHSC), to deal with the methane problem in the gold mining sector.  

As platinum mining became deeper, methane was also detected in the workings, but 

adequate ventilation ensured that ignition very rarely occurred.  

Cook (1998) completed a major study on the combustible gases in the gold and platinum 

mines, and one of the objectives was to identify the source(s) of the methane. He concluded 

that the gold mine methane could be bacterial, hydrothermal, thermal, abiogenic or a mixture 

of all in origin. He also stated that platinum mine methane is almost certainly abiogenic in 

origin, although he conducted carbon isotope analyses on only two methane samples. 

A recent phenomenon gained prominence since 2007 when a major pressurised gas 

outburst occurred on the 17th July at 11 Shaft, Impala Platinum Limited (Implats; Leach and 

Cook, 2007; Mitchell, 2007). The outburst occurred immediately after blasting at the face of 

23 Level Merensky South Drive. A void estimated to be 10 m long by 8 m high by 2 m wide 

was created by the outburst, with major material damage occurring for several hundred 

metres back down the drive.  

Such an occurrence had never been reported before in the platinum mining industry, and 

both Leach and Cook (2007) and Mitchell (2007) noted its uniqueness, and concluded that 

they are rare and not likely to occur often. Leach and Cook (op cit.) suggested that the 

pressurised gas was methane, while Mitchell (op cit.) proposed that the pressurised gas was 

most likely carbon dioxide, since there were no signs of ignition of the gas in the drive.  
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Since 2007, Implats has experienced pressurised gas outbursts of various intensities on a 

regular basis during development drilling and also during stoping. These outbursts are only 

recorded when an injury is incurred by the mine worker. Sometimes the pressure of the gas 

is such that the drilling machine is forcefully ejected from the drillhole and often causes 

injuries to the driller in the process. More often dirt and water are ejected from the drillhole 

into the eyes of the driller. If no injury occurs, the pressurised gas outburst is not reported. 

Leach and Cook (2009) and Cook and Leach (2011) conducted investigations into two of the 

larger occurrences, but did no further study on the origin of the pressurised gases.  

 

In view of the increase in reported injuries over the past decade, the MHSC put out a tender 

in mid-2013 to all researchers to investigate the pressurised gas outburst phenomenon. A 

clear distinction is made to separate this study from ongoing studies, especially by Implats, 

of the methane occurrences in the platinum mines. At the start of the project, the exact 

nature of the pressurised gases that cause the outbursts when intersected is not known. 

Leach and Cook (2007) suggested that methane is responsible for the outbursts, whereas 

Mitchell (2007) proposes that carbon dioxide fits better with the evidence he found. In 

addition, there are a number of other gases that can also potentially be responsible for the 

outburst problem, including hydrogen and helium. 

An improved understanding of what types of pressurised gases exist, where they originate 

from, and how the existence can be predicted to reduce impacts are the core focuses for this 

research proposal. 

This project aims to (a) provide a better understanding of the nature of the pressurised 

gases and their origin through detailed geological analysis consolidated with historical gas 

intersection data; (b) study the relationship of the gas-containing pockets to the geological 

structures as well as the core rock types (lithologies) that might host them; (c) investigate the 

feasibility of using geophysical techniques to detect the gas-containing pockets ahead of 

mining; and (d) to investigate the feasibility of early gas detection that would provide input 

into risk assessment in particular mining areas.  

As set out in the original project proposal, the main objectives of the study are: 

• The quantification of the outburst gas problem in the Bushveld Complex. 

• Potential early warning systems strategies. 

• The development of a risk/probability hazard map at the champion mine. 
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• The development of a management strategy when mining in high risk pressurised 

gas outburst-prone areas. 

The principle output will be a dynamic hazard/probability map that will indicate gas-prone 

areas and allow the existence of pressurized gases to be predicted. This fundamental tool 

will be implemented by the platinum mines through management strategies involving safe 

mining in high risk areas. A guidebook will be prepared and disseminated to clearly outline 

what types of gases are present in the Bushveld, where they are derived from, what the 

impact on production could be, and how to establish a dynamic monitoring system to both 

predict and ameliorate future intersections and improve gas related safety.  
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5 Milestone Projection  

NO.  ENABLING OUTPUT START & END DATE  COST per 
Milestone 

 
Quantify the Gas problem – Recognise / Understand Hazard: 

   1 Literature Review 30 Sep 13 20 Nov 13 R 79 600.00 
2 On mine studies at mine 1 01 Nov 13 28 Feb 14 R 147 660.00 
3 On mine studies at mine 2 01 Nov 13 28 Feb 14 R 147 660.00 
4 On mine studies at mine 3 01 Nov 13 28 Feb 14 R 147 660.00 
5 On mine studies at champion mine 01 Nov 13 28 Feb 14 R 147 660.00 
6 Correlation of historical incidents with geology & ventilation 01 Nov 13 28 Feb 14 R 120 400.00 
7 Consolidation of results 03 Mar 14 14 Mar14 R 140 000.00 

 
Feasibility study for early detection: 

   8 Geophysical methods to assist in early warning 17 Mar 14 09 May 14 R 78 500.00 
9 Continuous sensing of gas seepage in working areas for early warning 17 Mar 14 09 May 14 R 187 540.00 

 
Develop a Risk/Probability Map: 

   10 Facilitate integration of risk map with champion mine plan.  12 May 14  31 Jul 14 R 136 416.00 

 
Management Strategy: 

   
11 

Generic management strategy for mining in high risk areas/ best 

practice 
12 May 14 31 Jul 14 R 181 200.00 

 
Transfer the Research: 

   12 1 Day workshop 30 Jun 14 29 Aug 14 R 61 304.00 
13 Guidebook  30 Jun 14 29 Aug 14 R 87 304.00 
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6 Gantt chart 
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7 Progress to date 

 

7.1 Milestone 1 – Literature Review 

Milestone 1 is a review of literature pertaining to outbursts of pressurised gases in 

Bushveld platinum mines. 

 

7.1.1 Results per Milestone 1 

 

A pressurised gas outburst occurred on the 17th June 2007 at 11 Shaft, Impala 

Platinum Limited (Implats). The explosion occurred immediately after blasting at the 

face of 23 Level Merensky South Drive, and created a void estimated to be 15m long by 

8m high by 5m wide in size. Implats engaged Itasca Africa (Pty) Limited and Dr Andrew 

Mitchell, a Private Geological Consultant, to investigate the incident. Both reports 

(Leach and Cook (2007) and Mitchell (2007)) gave descriptions of the incident, and 

recognised the unique aspect of the gas outburst at the time. The mine had not 

encountered any similar incidents before, and Leach and Cook (2007) made several 

risk management recommendations to the mine with regards to such infrequent 

occurrences. 

 

Since 2007, Implats have had further outbursts of pressurised gases, although not 

many have been as large as the first outburst. They have recorded most the incidents, 

and this database will be of great value in the current study.  

 

At present, it is not known to the researchers whether similar pressurised gas outbursts 

have taken place at any of the mines belonging to the three other major platinum mining 

companies – Anglo American Platinum Limited (Amplats), Lonmin Plc (Lonmin) and 

Northam Platinum Limited (Northam). The present study will be engaging these 

companies, and an update of this interim review will be submitted once further 

information is received.  

 

An extensive literature and Internet search has failed to reveal pressurised gas out-

bursts similar to those reported in the Bushveld Complex. It thus appears that these 

occurrences at Implats are unique, as recognised previously by Mitchell (2007) and 

Leach and Cook (2007), and have given rise to the current study. The extensive 

methane-related out-bursts that have been (Shepherd et al, 1981), and are still, a 

problem in underground coal mining (Diaz Aguado and Gonzalez Nicieza, 2007), can be 
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considered the closest analogue to the occurrences in the Bushveld. The geological 

settings are, however, entirely different and the extensive research undertaken on 

methane in coal has limited applicability for the Bushveld. Most of the mineable coal 

occurs in sedimentary rocks that are Phanerozoic in age, whereas the Bushveld 

Complex is the world’s largest layered igneous intrusion and is Lower Proterozoic in 

age. The cause of coal out-bursts is pressured methane that is trapped within the coal, 

whereas one of the aims of the current study is to find out what types of gases cause 

the Bushveld out-bursts, and their origin. 

 

In their reports, Leach and Cook (2007) and Mitchell (2007) gave tentative suggestions 

as to the type of pressurised gas that could have caused the out-burst. The former 

authors favour methane, as they detected traces of the gas in several samples taken 

after the out-burst. In contrast, Mitchell suggested that carbon dioxide was the most 

likely gas, as there were no signs of ignition in the haulage drive after the event. In 

addition to these gases, there are other common ones, such as nitrogen, oxygen and 

hydrogen that might also have been pressurised under particular geological conditions, 

and thus potentially causing the out-burst during mining. A rarer gas, helium, has been 

discovered in several South Africa gold mining areas, in particular the Evander gold field 

(Hugo, 1964).  

 

Occurrence of combustible gases in Bushveld platinum mines 

Cook (1998) reported on the occurrence, emission and ignition of flammable gases in 

13 Witwatersrand gold mines and 13 Bushveld platinum mines. Only two of the platinum 

mines reported frequent methane intersections. The miners detect methane using a 

range of different methanometers, some of which also detect dangerous levels of 

carbon monoxide and carbon dioxide. The mine workplaces are considered adequately 

ventilated to handle any sudden outbursts of pressurised gases. No pressurised gas 

out-bursts were however reported. 

 

The origin of the methane in the platinum mines is enigmatic, and Cook (1998) 

suggested an abiogenic origin based on the carbon isotope signatures of two methane 

samples collected at different mines. He suggested that the main expected sources of 

methane in the Bushveld mines are: 

 

I. Fluid inclusions in dykes, possibly only alkaline Pilanesberg-age ones; 

II. Seepage of methane from the mantle or from deeper alkaline intrusions along 

joints, bedding and faults; 
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III. Fractures where voids exist, such as major faults, faulted dyke contacts, etc. 

These fractures may be the conduits for gas flow as well as being the 

pressurised reservoirs for the methane.  

 

By way of comparison, the origin of the methane in the Witwatersrand gold mines is 

also not certain, and is complicated by carbon isotope results than indicate both a 

biogenic and an abiogenic component (Cook, 1998; Sherwood Lollar et al, 2006).  

 

Possible gases causing pressurised out-bursts 

 

Abiogenic methane 

In addition to the three suggestions made by Cook (1998) with regards to the origin of 

the methane in the Bushveld Complex, another possibility needs to be considered. 

Recent research into the origin of hydrocarbons in non-sedimentary rocks (Sherwood 

Lollar et al, 1993) has identified the process of serpentinisation of mafic igneous rocks 

as a generator of abiogenic methane. This occurs with the involvement of the Fischer-

Tropsch (Potter et al, 2004) chemical process whereby carbon dioxide and hydrogen 

are combined to form methane. The hydrogen is formed from the hydration reaction of a 

mineral such as olivine (Neubeck et al., 2011), common in mafic rocks, with water. A 

source of the carbon dioxide is the atmosphere, with water originating from late stage 

magmatic fluids, sea water or ground water.  

 

Small amounts of ethane, propane and butane are also produced in Fischer-Tropsch 

reactions. 

 

The lower part of the Bushveld Complex comprises mainly layered mafic rocks with 

which the chromite and platinum deposits are associated.  In addition, there are many 

iron-rich ultramafic pegmatites (IRUP) that interrupt the layered rocks (Farquhar, 1986; 

Leeb-du Toit, 1986; Viljoen et al, 1986; Viljoen and Hieber, 1986); the origin of the 

IRUPs is a matter for debate (Scoon and Mitchell, 1994). Serpentinisation of Bushveld-

related mafic rocks is thus an additional potential source of the methane in the mines. 

 

Carbon dioxide 

Mitchell (2007) suggested that carbon dioxide trapped in lamprophyric rocks that 

intruded into the Bushveld could be the cause of the pressurised gas out-bursts. He 

took three samples of rock that blew out of the cavity at Impala 11 Shaft, and did 

geochemical analyses on them. They are alkaline lamprophyres in composition. Alkaline 
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magmas originate as small degrees of partial melting at very high pressures of a 

metasomatised, carbon dioxide-rich mantle source (Mitchell, 2007). These magmas are 

also associated with carbonatites and kimberlites, and the carbon dioxide-rich gases 

can be ejected explosively, causing brecciation of the country rock into which the 

magma intrudes. Thus pressurised carbon dioxide should be considered as a potential 

cause of the gas out-bursts.  

 

Hydrogen 

Very small amounts of hydrogen in the Witwatersrand gold mines have been reported 

by Cook (1998) and Lin et al (2005), and none in the Bushveld platinum mines. 

However, as described above, hydrogen is generated during the hydration of mafic 

rocks in the serpentinisation process (McCollom and Bach, 2007). Excess hydrogen 

could build up if there is insufficient carbon dioxide available to form methane.  

 

Nitrogen and oxygen 

These are the two gases that comprise the bulk of the atmospheric gases (Anonymous, 

2013) blanketing the earth. Nitrogen forms 78% and oxygen 21% by volume of the total.  

If they are trapped under high pressures because of unusual geological conditions, they 

are also candidates for causing the gas out-bursts. This conjecture would be difficult to 

prove experimentally, but is worth considering.  

 

Helium 

This rare gas is known to occur often in the Witwatersrand gold mines, mainly in the 

Free State and Evander areas (Hugo, 1963; 1964). As helium is non-flammable, it is not 

tested for in the platinum mines, and thus we do not know the extent of its occurrence in 

the Bushveld Complex. Nevertheless, it remains one of the potential gases that give rise 

to the problem. 

 

Other gases emitted during volcanic eruptions 

Many gases accompany volcanic eruptions, the composition of which is related to the 

type of magma being erupted (Symonds et al, 1994). Water vapour in the form of steam 

and carbon dioxide are common, with a range of nitrogen and sulphur oxide species 

also reported. The gases are evolved during the crystallisation of the magma. It is 

probable that much volatile material accompanied the intrusion and cooling of the 

Bushveld Complex, and these late-stage fluids may have produced the IRUPs (Viljoen 

et al, 1986) and other alteration features () in the country rocks. Thus the entrapment of 
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a range of uncommon gases associated with late stage crystallisation of Bushveld 

magmas cannot be discounted without further thought. 

 

 

Discussion 

The pressurised gas out-bursts that occur in the Bushveld platinum mines appear to be 

unique. A literature and internet search has not revealed any similar occurrences during 

mining of a commodity hosted in igneous rocks. Although infrequent and thus 

unpredictable so far, such pressurised gas out-bursts can be destructive, as witnessed 

after the 2007 event at Implats 11 Shaft, and disruptive during routine mining 

operations. Although no fatalities have resulted directly from a pressurised gas outburst, 

injuries to rock drill operators have often been sustained by the drilling rig being forcibly 

ejected by such outbursts.  The members of the MHSC have therefore recognised that 

a better understanding of these pressurised gases would contribute to increased safety 

by identifying the factors that contribute to potentially more gas-prone areas. These 

factors will used in a risk management strategy that will reduce the deleterious effects of 

pressurised gas outbursts, and thus contribute to both improved safety and productivity. 

 

7.1.2 Conclusions from Milestone 1  

The extensive literature review has revealed that the pressurized gas outbursts in the 

Bushveld Complex platinum mines are unique. There have been no such occurrences 

reported from other underground platinum mines elsewhere in the world. Methane gas 

outbursts are often encountered in underground coal mines, and these have been well 

studied and understood. They are, however, entirely different in mode of occurrence 

from the gas outbursts in the Bushveld rocks, and thus do not constituent a viable 

analogy. Very little scientific research has been conducted on the Bushveld occurrences 

compared to its potential impact on future platinum mining in South Africa. It is thus 

vitally important to continue scientific investigation into this unique phenomenon as 

failure to understand it will result in potential loss of life as well as financial losses as 

platinum mining continues deeper underground.  
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7.2 Milestones 2 to 6 – On mine studies and correlation of historical information 

with Geology and Ventilation 

Milestones 2 to 6 are on mine studies at four platinum mining companies, namely Anglo 

Amplats, Northam, Lonmin and the champion mining company – Implats. As per the 

original methodology, this portion of the study is to include the collection of outburst gas 

samples from mines identified by these four platinum mining companies. Gas samples 

collected are to be analysed for composition and, along with historical incident 

information, will be correlated with geological structures to determine the relationship 

between different gases and where they occur. Some representative rock samples that 

are associated with outburst gas occurrences are to be collected and analysed in order 

to assist with determining the origins of the gasses. All the results will be consolidated in 

a detailed report (Milestone 7) and will directly provide answers to “which types of 

pressurized gases exist in the Bushveld Complex, and where do these originate from”.  

 

These studies have commenced but have been delayed due to the ongoing challenges 

faced by the project team, and the overall status of the platinum mining industry as a 

whole.  

 

Kick-off visits to the platinum mining companies 

Kick-off visits were undertaken to inform the participating platinum mining companies of 

the project, and to solicit their co-operation in the study. All the companies visited 

welcomed the project and saw it as a vital study to understand the nature of the outburst 

gases. In general, these pressurised gas outbursts are becoming more frequent as 

mining becomes deeper, and the companies need to understand how to deal with them 

to continue sustainable mining into the future. Although the frequency of occurrence is 

moderate at present, continued deeper mining will see a rise, and with it the associated 

risk of injuries and even death. Thus the current project is viewed as an important first 

step in gaining an understanding of the problem, and will enable the development of a 

mining strategy that will enable safer mining with depth. 
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7.2.1 Results per Milestone 2 – On Mine studies at Implats  

The Implats kick-off meeting took place on the 29th October 2013 at their mine offices in 

Rustenburg. The chance occurrences of two pressurised gas outburst incidents at 

Implats 14 Shaft soon after the Impala kick-off meeting afforded CSIR geoscientific 

researchers the opportunity to gain first-hand knowledge of outburst sites, and to 

discuss the incidents with the geology, rock engineers and ventilation staff of the mine 

shafts.  

 

The first outburst 

The first outburst occurred on the evening of the 30th October 2013 at Implats 14 Shaft, 

25 CA South Drive. The drive is below the UG1 chromitite unit in the footwall of the UG2 

Reef. No injuries were incurred as the outburst occurred during or shortly after the blast. 

The Council for Scientific and Industrial Research (CSIR) was informed of the event on 

the 2nd November 2013, and an underground visit to the site was arranged for the 4th 

November 2013. Mr A.R. Leach (Latona Consultants), Mrs F. Brovko (CSIR) and Dr G. 

Henry (CSIR) were accompanied by Implats mining, geology and ventilation personnel 

to the site. The cavity caused by the outburst is shown in the photograph in Figure 1 

and is estimated to be about a metre wide, although no entry into the cavity was allowed 

to confirm the size due to safety considerations. 

 

Figure1: Photograph of the cavity formed by a pressurized gas outburst at Impala 14  

Shaft on 30th October 2013. The void is a minimum of 10m long by 8m high by 2m wide. 
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Geological observations were conducted by the team at the outburst site to ascertain 

which geological feature(s) are associated with the event. It was noted that the large 

cavity resulted from the ejection of lamprophyre during the pressurised gas outburst. 

Examination of the sidewalls to the drive revealed several thin lamprophyre and 

“dolerite” (term used by mine geologists) dykes. Some lamprophyre dykes cross-cut the 

“dolerite” dykes (shown in Figure 2), indicating that the lamprophyre dykes are older. 

 

 

Figure 2: Sub-vertical lamprophye dyke 6-10 cm thick cutting 1 – 3 cm thick “dolerite” 

dykelets. The yellow paint splashes are used by the geologists to mark the dykes. 

 

A number of rock samples were collected from the site for petrographic study, argon 

age dating and fluid inclusion studies.  

 

Results of the Petrographic study 

Five thin sections were cut of selected rock samples. Petrographic examination 

confirmed that the dyke rocks at the outburst site are lamprophyres, and very fine 

grained pyroxene-plagioclase rocks, termed dolerites by the mine geologists. 
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Results of the Geochronology study 

The lamprophyre samples collected at the outburst site were sent to Professor Jan 

Kramers at the University of Johannesburg for argon age dating. The report is included 

as Appendix B.  

 

The argon step heating results for two biotite fractions from the lamprophyre sample are 

shown in Figure 3. Although the two grains gave divergent ages of 175.8 +/- 1.1 Million 

years ago (Ma) and 141.8 +/-0.9 Ma, the latter age is probably the intrusion age 

because the biotite grain had less excess argon. 

 

This age is much younger that the age of the Bushveld Complex (2 060 Ma) or that of 

the Pilanesberg dyke swarm (about 1 300 Ma). Previous researchers have suggested 

that the lamprophyres could be Pilanesberg in age, but no direct geochronological 

dating had been conducted on them, until this study. If some of the pressurised gases 

are directly associated with the intrusion of the lamprophyre dykes, it can be inferred 

that these gases are also 141.8 +/- 0.9 Ma in age. This age can be correlated with a 

significant era of kimberlite intrusions on the Kaapvall Craton.  

 

A “dolerite” sample (term used by the mine geologists) was also dated using the argon-

argon techniques. The results of step heating on two whole rock fractions are shown in 

Figure 4. Whole rock fractions were used because of the very fine grained nature of the 

rock that precludes utilization of single biotite grains in the dating. Although the results 

from such whole rock samples are difficult to interpret, nevertheless the best ages of 

214 +/- 1.8 Ma and 217.7 +/-1.5 Ma are significantly younger than the Pilanesberg age 

of ~ 1300 Ma. These ages are broadly co-incident with the early stages of Karoo 

magmatism, and the “dolerites” are thus interpreted to be of Karoo age.  

 

The geological observations in Figure 2 are confirmed by the geochronological dating.  
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Figure 3: Results of argon step heating for sample GH-1. 
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Figure 4: Results of argon step heating for samples GH-2. 
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In addition to the Lamprophyre samples, a hand sample of plagioclase-biotite pegmatite 

previously obtained from Implats was also submitted to Professor Jan Kramers for 

argon age dating. The results are shown in Figure 5.  

 

 

Figure 5: Argon step heating results for samples GH-3 

 

The pegmatite is 2051.5 +/- 7.7 Ma in age, which is very close to that of the Bushveld 

Complex.  If the plagioclase-biotite pegmatites are close to Bushveld in age and are 

also associated with some of the pressurised gas occurrences, then it can be deduced 

that there must have been an early, immediately post-Bushveld period of gas 

generation.  

 

Discussion of the Geochronology study 

The three new geochronological results suggest that the possible sources of the 

pressurised gases may be of different ages, if they are directly related to the intrusions. 

Alternatively, it may be argued that the gases, from an unknown source, may be using 

the pre-existing faults or joints in the Bushveld rocks that were also exploited by the 

intrusions to invade the rocks. This uncertainty warrants an in depth study to properly 

understand the nature of the pressurized gases in the Bushveld Complex to facilitate 

and inform mitigation actions. Without knowing the causes and effects amongst the 
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geological structures, intrusions and pressurized gas occurrences, it would be difficult to 

formulate an effective and sustainable mitigation strategy as platinum mining becomes 

deeper into the future.  

 

 

Results of the Fluid inclusion study 

A halite sample that came out of the site of the pressurized gas outburst at 11 Shaft on 

the 13 June 2007 was obtained from Implats (Figure 6). A cut slice of the sample was 

sent to Dr Lynnette Greyling at the Geology Department of the University of Cape Town 

for fluid inclusion studies. It was anticipated that, if successful, the study would provide 

evidence for the types of gases associated with the outbursts. The final report is 

included as Appendix C. 

 

 

Figure 6: Halite-natrolite sample supplied by Implats studied for fluid inclusions. 

 

During the study, Dr Greyling indicated that preparing the halite sample, which is 

soluble in water, for fluid inclusion work was not easy, and that special care had to be 

taken. She also expressed concern that there might not be any viable fluid inclusions in 

the rock to work with. In the event, one fragment of the halite sample (Figure 7) had a 

fluid inclusion trail that is interpreted to have formed during or after the halite crystal 

growth.  
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Figure 7: Doubly polished fragment of halite sample in which a fluid inclusion trail was 

observed during petrographic study. 

 

Two groups of fluid inclusions (Figure 8) were identified during petrographic study: 

• One containing liquid, vapour (~10 volume %) and solid at room temperature 

• The second liquid and vapour (~50 – 90 volume %) only inclusions. 

 

 

Figure 8: Fluid inclusions observed at room temperature, showing liquid, vapour and 

solid phases. 

 

The microthermometry study yielded two important observations: 

• The liquid and vapour phases are not aqueous as there is no phase transition 

evidence for water to be present. This opens the possibility that the liquid and 
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vapour could be other volatiles such as carbon dioxide, methane, ethane or 

nitrogen.  

• One fluid inclusion had a minimum trapping temperature of 185° C, indicating 

that the halite and natrolite crystallised from a fluid that was at least that hot.  

 

Discussion of the Fluid inclusion study 

Several small fluid inclusions were petrographically observed during the study, with 

microthermometry probably ruling out water as one of the phases in the inclusions. This 

result needs to be confirmed with a few more doubly-polished sections from the halite 

sample. In addition, Raman microspectrometery (RM) is recommended to determine the 

composition of the volatile phases. In this pilot study, RM was not carried out, 

 

The second outburst 

The second outburst was minor and occurred on the 20th November 2014 at Implats 14 

Shaft 16 C South Drive on the UG2 Reef. Dirt was ejected from a development drill hole 

into the eyes of the driller while he was drilling. The CSIR was informed of this outburst 

after the incident was reported that afternoon. An underground visit to the site to 

conduct an in-house investigation was arranged for the 21st November 2013. Mrs F. 

Brovko and Dr G. Henry from the CSIR accompanied the Implats mining, geology, rock 

engineering and ventilation personnel to the site.   

 

Geological observations were conducted at and adjacent to the face where the drilling 

was taking place. Thin, sub-vertical calcite veinlets in joints (Figure 9) were noted in the 

right sidewall to the face. On the left sidewall, serpentine-filled (Figure 10) joints occur 

about 1.5 m back from the face in the footwall pegmatite. A 26 cm thick lamprophyre 

dyke cuts through the UG2 Reef and its footwall anorthosite (Figure 11) was observed 

about 10 m from the face on the left-hand sidewall to the drive.  
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Figure 9: Thin, subvertical calcite-filled joints at the outburst site. 

 

 

 

Figure 10: Greenish serpentine-filled joints just above the blue pen used as a scale. 
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Figure 11: Lamprophyre dyke cuts the black UG2 Reef and the footwall anorthosite. 

 

It was also observed that the UG2 reef was thinning and that the pegmatoid underneath 

it had thinned out. The geologist onsite informed us that this indicates close proximity to 

a pothole structure, projected to be metres ahead of the face. 

 

The rock engineers had a borehole camera that was inserted into the hole where the 

outburst occurred. The camera imaged a whitish rock with flecks of a micaceous dark 

mineral (interpreted to be a biotite-plagioclase pegmatite) at the end of the drillhole 

(Figure 12). Since the drillhole was not a diamond drill hole, a sample of this rock could 

not be collected to confirm this interpretation. In addition, a small cavity to the right of 

the end of the hole was imaged, interpreted as a pocket or void in which the pressurised 

gas was trapped.  

 

The rock engineers also conducted a ground penetrating radar (GPR) survey (Figure 

13) across the development mining face to assess whether there are any anomalies 

that could indicate the presence of gas-filled voids. These results have not been 

received, but from viewing the raw data at the site, no noticeable voids could be 

detected.  

 

A discussion with the team member of the injured rock drill operator revealed that two 

days before the incident, there were indications of possible gas occurrences in the form 

of bubbling water seeping from a drillhole. Flammable gas measurements were made 
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by the miner using a Gas Detecting Instrument (GDI) at the site. No flammable gas 

above the explosive level (5%) was detected by the GDI and the rock drill operators 

were given the go ahead to continue the drilling.  

 

 

Figure 12: Borehole camera image of the end of the drillhole where the pressurised gas 

outburst occurred. The rock appears to be a plagioclase (white)-biotite (dark brown) 

pegmatite. Note the small cavity to the upper right. 

 

 

Figure 13: Ground penetrating radar survey being conducted across the development 

face where the gas outburst occurred. 
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Additional information obtained for study 

An Excel spreadsheet containing pressurized gas outburst occurrences that resulted in 

loss time injuries was sent to the CSIR team by geologist for correlation with geology. 

Discussions follow in Milestone 6 results.  

 

7.2.2 Results per Milestone 3 – On Mine studies at Lonmin 

The Lonmin kick-off meeting meeting took place on the 5th December 2013 at Lonmin’s 

Rowland Shaft near Marikana. This meeting was well attended by senior mining staff 

including the Mine Manager.  

 

Shortly after the kick-off meeting, two minor pressurised gas outbursts occurred at 

Rowland Shaft. These outbursts ejected water and dirt into the eyes of the drillers and 

were reported as injuries. The CSIR geoscientific team accompanied the on-mine 

investigative team to both of these outbursts which afforded them the opportunity to 

gain first-hand knowledge of outburst sites, and to discuss the incidents with the 

geology, rock engineers and ventilation staff of the mine shaft.  

 

The first outburst 

The first outburst occurred at 21 West 79 down dip stoping panel on the Merensky Reef 

(Figure 14) on the 18th December 2014. The CSIR team was informed of this incident 

later that afternoon and accompanied the mining, safety and ventilation investigation 

team on their underground visit on the 19th December 2014.  

 

Geological observations were made at the site by the CSIR team. The Merensky Reef 

at the mining face was seen to be cut by thin joint planes filled with a greenish, waxy 

mineral, which is serpentine (Figure 15). Also present are centimeter-thick white 

plagioclase pegmatite veins. One 10 cm thick pegmatite vein was seen in the travelling 

way to the stope face in which large (~1 cm) laths of biotite are set in the white 

plagioclase rock.  

 

Rock samples were collected from the site for further studies.  
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Figure 14: The drill-hole which caused the pressurised gas outburst is marked in white 

on black Merensky Reef. Clinorule for scale. 

 

 

Figure 15: Joint surface cutting across Merensky Reef filled with greenish-black 

serpentine. 
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The second outburst 

The second outburst occurred at 22W 58 SPD raise development on the Merensky Reef 

(Figure 16) on the 10th January 2014. The CSIR team was informed of this incident later 

that afternoon and accompanied the mining, safety and ventilation investigation team on 

the 13th January 2104.  

 

Water and dirt was ejected into the eyes of the rock drill operator. The co-driller of the 

injured driller (who was still recuperating) reported that dark material was ejected in the 

water from the drill hole during the outburst. He also stated that there was a smell of 

rotten eggs shortly after the incident occurred. No flammable gases above the explosive 

level (5%) were detected after the incident when tested by the miner using a GDI 

instrument.  

 

 

 

Figure 16: Outburst site on Merensky Reef, marked by the inserted steel rod. 

 

Some geological observations were made by the CSIR team during the investigation. 

Several plagioclase-biotite pegmatite veins (<3cm thickness) (Figure 17) were noted in 

the sidewalls at the outburst site.  
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Figure 17: White plagioclase pegmatite with dark brown biotite laths in the sidewall of 

the drive. 

 

Additional information 

The senior mine staff reported that they have recorded 6 incidents caused by 

pressurised gas outburst over the past five years, but only the locations were recorded 

and no geological or gas sampling information was collected for at the sites.  

 

They have committed to supplying the data to us. 

 

7.2.3 Results per Milestone 4 – On Mine studies at Northam 

 

The Northam kick-off meeting was held on the 9th December 2013 at their main mine 

offices near Thabazimbi.  Unfortunately, the Northam miners were on strike during this 

time, and an hour before the scheduled meeting, mine management were called into a 

last minute meeting in Rustenburg with the Department of Mineral Resources in 

connection with the strike. A presentation about “air pockets” encountered during mining 

operations at Northam and a mitigation strategy to reduce risk caused by these air 

pockets was given to CSIR researchers by one of the mine geologists.  

 

After the strike, communications were resumed with the Chief Geologist at Northam, 

and a memorandum was written to the CSIR titled: “Notes on Northam Platinum – 

Zondereinde Division’s Strategy on Handling Hazardous Gas Intersections” (included as 
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Appendix A in this report). The CSIR team held a follow up meeting with the chief 

geologist on the 7th March 2014 at Northam Mine to discuss the document in greater 

detail. At this meeting, a fruitful discussion was held with the representatives from the 

geology department. The memorandum and the Northam air pocket strategy was 

discussed in greater detail.  

 

He reported that there were 12 historical incidents at Northam that were caused by 

pressurised gas outbursts to date since 2006. Of these 12 incidents, only three occurred 

since 2007 when the mine’s “air pocket precautions” strategy was implemented. 

Investigations revealed that these three incidents resulted because the precautions 

were not followed. 

 

Northam has identified that Iron Rich Ultramafic Pegmatites (IRUP) are the major 

geological feature that gives rise to pressurised gas outbursts at Northam. They have 

also identified the major water-bearing faults as sources of gases. Their “air pocket” 

mitigation strategy is employed when mining in close proximity to IRUP’s or the water-

bearing faults. This strategy includes special instructions for drilling (such as the use of 

jumper gaskets, and special safety equipment); an awareness campaign (providing 

coaching on IRUP identification and air pockets); preconditioning during stoping to 

release pressure of these gases; and double cover diamond drilling in development 

areas.  A GDI is mounted above the diamond drilling rig to detect any flammable gas 

emissions from the hole during drilling. The diamond borehole core from the cover 

drilling is logged in detail by the mine geologists and geotechnical personnel, thus 

providing comprehensive information of geology ahead of the mining face.  

 

The preconditioning technique was researched and developed by the Chamber of 

Mines Research Organisation (COMRO) for implementation in the deep level 

Witwatersrand gold mines in an effort to relieve the very high stresses at the mining 

face. The preconditioning blast causes enough fracturing ahead of the mining face such 

that any pressurised gases present would be quickly dissipated. Rock outbursts from 

the stope face are thus reduced. For the technique to be successfully implemented, the 

vertical stresses on the rock at the mining face have to be greater that the horizontal 

stresses, which is the case at the deep Northam mine.  
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7.2.4 Results per Milestone 5 – On Mine studies at Amplats 

The kick-off meeting with Amplats took place on the 8th January 2014 at the company’s 

operational offices in Rustenburg. This meeting was well attended by senior mineral 

resources staff across their operations.  

 

Amplats reported that there were six injuries caused by pressurised gas outbursts over 

the past five years, and have committed to supplying the data to the CSIR. Due to the 

ongoing platinum miners’ strike, the first three reports were only received in early May 

2014. These incidents occurred at Khuseleka Mine. 

 

The first outburst occurred on the 2nd July 2013 at 12/35 Panel 6W on the UG2 Reef. 

5% methane was detected in the hole. The site was close to a pothole in the UG2 Reef. 

No unusual smells were noted. 

 

The second outburst occurred on the 22nd August 2013 at 16 UG2 Haulage East. 5% 

methane was detected in the hole; no geological association was recorded. No unusual 

smells were noted. 

 

The third outburst occurred on the 15th November 2013 at 26/20/ A X/c break away on 

the Merensky workings. 5% methane was detected in the hole, 2.8 % to 3.2% in the 

surrounding air. The mining was taking place in the Hex River Fault Zone. No unusual 

smells were noted.  

 

 

 

7.2.5 Results per Milestone 6 – Correlation of historical incidents with geology and 

mining 

Implats has compiled a database of pressurised gas outburst occurrences since 2007, 

after the major event the 22th July 2007. They have collected geological and ventilation 

data, and attempted to relate the pressurised gas occurrences to one or more 

geological features mapped on their mines. They have formulated working hypotheses 

with regard to the pressurised gas occurrences, but have not arrived at a 

comprehensive management strategy as yet. They are reliant on the outcomes of this 

study to guide their strategy. 
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From the data provided by Implats, it is evident that the pressurised gas outbursts occur 

in close proximity to geological features or combination of features. These are: 

(a) Faults/shear zones (8) 

(b) Joints (3) 

(c) Dolerite dykes (6) 

(d) Lamprophyre dykes (9) 

(e) Iron-rich ultramafic pegmatites (IRUP) (4) 

(f) Potholes (3) 

(g) Joints and pegmatite veins (2) 

(h) Faults and lamprophyre dykes (1) 

(i) Dolerite dykes and IRUP (1) 

(j) IRUP and joints (1) 

(k) IRUP and lamprophyre dyke (1) 

(l) Fault, potholes and lamprophyre dyke (1) 

(m) Lamprophyre dyke and joints (1) 

(n) Dolerite dyke and joints (1) 

 

The number in brackets is the number of reported occurrences of pressurised gas 

outburst associated the geological features. In addition, 17 occurrences could not be 

correlated with geological features or the information was not recorded, giving a total of 

59 pressurised gas outbursts in total that resulted in injuries.   

 

Northam have reported 12 historical incidents that were caused by pressurised gas 

outbursts in the past since 2006. They relate most of these outbursts to IRUPs and 

water bearing faults. Only three of these occurred after 2007 when the mine 

implemented an “air pocket precautions” strategy. 

 

Amplats have reported three pressurised gas outbursts to date, one associated with a 

pothole, one in a fault zone and one with an undetermined geological association.  

 

Lonminhas verbally reported that they have experienced approximately six pressurised 

gas outbursts in the past five years, but they have not yet supplied  details of these 

occurrences.  

 

In his comprehensive report on the methane occurrences in the Witwatersrand Basin 

and the Bushveld Complex, Cook (1998) suggested that there were five sources of 

methane in the Bushveld Complex as shown in Figure 18. Although he only dealt with 
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methane, it can be inferred that if it is found that the pressurised gases that give rise to 

the outbursts have trace amounts of methane, should have similar sources and 

transport pathways.  

 

Nevertheless, it is evident that the occurrence and transport of the gases in the 

Bushveld Complex are directly linked to geological features or a combination of such 

features. Cook (1998) infers that all the methane in the Bushveld Complex originates in 

the mantle, and it transported upwards towards the surface via faults and joints. The 

methane then accumulates in suitable geological structures and is released during the 

mining of the platinum-bearing reefs.  

 

In addition to Cook’s study, the current project has revealed two additional potential 

sources of the gases that occur in the Bushveld Complex.  

 

The first is biogenic methane produced by methanogenic bacteria that live in major 

water-bearing faults, such as those that occur at Northam mine. These bacteria have 

been studied by scientists from Princeton University in the USA (Pfiffner et al., 2006; 

Gihring et al., 2006) and Free State University.  
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Figure 18: Expected sources of methane for the Bushveld Complex. (1) In inclusions in 

alkaline dykes (although unlikely in dykes generally). (2) General upward seepage of 

mantle methane via joints. (3) Strong seepage of methane along major faults, which are 

often along dyke contacts. (4) Flow along partings associated with orebodies. (5) 

Collection of methane in highly jointed areas, e.g. around potholes. From Cook (1998). 

 

Another possible source of methane and other heavy hydrocarbons is serpentinisation 

of mafic and ultramafic rocks in the Bushveld Complex. This has been briefly discussed 

in the literature review.  

 

A major unknown is the age of the gases in the Bushveld Complex. It is evident from the 

discussion above that the pressurised gases are associated with a number of geological 

features or combination of features. Although the ages of some features, such as the 

plagioclase-biotite pegmatite dykes and the lamprophyre dykes, can be directly dated 

using geochronological techniques, this does not directly date the age of the gas. This is 

because gases will utilize all suitable pathways, mainly joints and faults, to travel 

through rock, and magmatic intrusions such as dykes will also use the same zones of 

weakness in the crust to force emplacement. Thus the association of gases with dykes 

may be co-incidental, and not due to cause and effect. This point has been alluded to in 

the discussion of the argon-argon-geochronological results in Section 7.2.1.  

 

There is, therefore, an intricate association of the gases in the Bushveld Complex with 

geological features that will take further research to better understand. Such a study is 

recommended for later phases of the project.  

 

Nevertheless, the key to mitigation of the effects of gases in the Bushveld Complex, 

whether they cause pressurised outbursts or not, is a thorough understanding of the 

geology ahead of the mining face. This facet is integral to our revised project proposal.  

 

7.2.6 Conclusions from Milestones 2 to 6 

From the limited database supplied by the platinum mining companies to date, it is 

evident that most of the reported pressurised gas outbursts occurred in the vicinity of a 

geological feature or a combination of features. This strongly suggests that a major 

factor to be taken into consideration in understanding how and where the pressurised 

gas outbursts are likely to occur is the geology. Thus a must-know is the geology of the 

mining area ahead of the face - since a good understanding of the geology would 
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enable informed judgments to be made, not only on the reef to be mined, but also on 

the potential risks ahead of mining, including the potential of pressurised gas outbursts.  

 

The geological observations made during all the mine visits confirmed the working 

hypothesis that geological features or combination of features are directly associated 

with the pressurised gas outbursts.  

 

The geochronological study has provided three new dates for intrusions that may or 

may not be associated with the pressurised gases, into the Bushveld Complex. The 

oldest are the plagioclase-biotite pegmatites that are immediately post-Bushveld at 

2051.5 +/- 7.7 Ma. The next youngest are the “dolerites” that are 214-217 Ma in age, 

related to Karoo magmatism. The youngest are the lamprophyres that intruded at ~142 

Ma, related to a period of kimberlite magmatism on the Kaapvaal Craton.  

 

These ages suggest that the pressurized gases that may be associated with the 

intrusions may also be of different ages and sources. Further study is thus critical to 

enable a sustainable mitigation strategy to be devised as platinum mining becomes 

deeper.  

 

It is strongly recommended that SIMRAC should consider funding a small project to 

carry out fluid inclusion and Raman spectrometery studies on the halite-natrolite sample 

that was taken from the 2007 pressurised gas outburst site at Implats 14 Shaft in 2007. 

This is in light of the fact that our work to date has indicated that the collection of a 

usable sample of the pressurised gas or gases that are responsible for the outbursts will 

be very difficult to conduct. We know that the rocks associated with the 2007 outburst 

include lamprophyres and the halite-natrolite rock. So the scientific identification of the 

volatiles trapped in the fluid inclusions in the halite would give us the best evidence for 

the types of gases that were responsible for that particular outburst. This new 

knowledge will enable the formulation of standards of practice to mitigate the effects of 

pressurised gas outbursts associated with lamprophyre intrusions.   

 

A significant observation made during the mine visits is the occurrence of serpentine on 

joint faces. This is because hydrogen gas is produced during the serpentinisation 

process, as reported in the literature review. If the hydrogen comes into contact with 

carbon dioxide, a Fischer-Tropsch chemical process results in methane and other 

hydrocarbon gases being produced. Thus it is possible that serpentisation could have 
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also been responsible for generating the pressurised gases, but further research is 

required to prove this hypothesis. 

 

Northam has a comprehensive strategy in place to deal with airpockets that they 

associate with outbursts, with the main mitigation strategy being a detailed 

understanding of geology ahead of face.  

 

7.3 Overall Milestone summary 

WHAT WAS PLANNED 

FOR THE QUARTER? 

WHAT WAS 

ACHIEVED? 

REASONS FOR 

DEVIATION/ DELAY 

Literature Review 

 

Literature review  Completed  

On mine studies Kick-off meeting with 

all platinum mining 

companies in the 

study. Mine visits to 

investigate four 

outburst incidents.  

Study in progress.  

 

Challenges faced by 

initial project 

scoping and the 

platinum mining 

strikes 

Correlation of historical 

incidents with Geology 

and ventilation 

Information received 

from Implats and 

Northam. Study in 

progress.  

 

Challenges faced by 

initial project 

scoping and the 

platinum mining 

strikes 

 

 

 

8 Project Challenges 

 

During the first five months of the study, through mine visits, meetings and feedback from 

discussions with the mining companies, a number of issues were raised that present 

significant challenges to the project methodology as initially proposed to SIMRAC. These 

concerns were raised during a reporting session to the MHSC on the 15th January 2014, and 

subsequently in a special reporting session to the SIMRAC committee on the 14th March 

2014. Leading up to these reporting sessions there have been 2 formal requests made by 

the project team for milestone extensions, which were approved by SIMRAC.  In these 

reporting sessions, the importance of how on mine geological models are used by mine 

planning and the role of the production geologist in the mining cycle was emphasised. 
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These challenges are: 

 

• The pressurised gas outbursts are unpredictable and sporadic, and are only reported 

when an injury occurs. These gas outbursts are not always large or related to 

detectable levels of flammable gases (0.5% on the GDI). The pressurised gases 

dissipate almost immediately after the outburst occurs. This greatly impacts the 

project team’s initial sampling methodology.  

 

• None of the historical incident information received with regards to the pressurised 

gas outburst has data on the nature of the gases involved. No gas analyses were 

received for pressurised gas outbursts.  

 

• The mining companies are concerned about the short time frame for collecting data 

because of the unpredictable nature of the outbursts. 

 

• The literature review has shown that there is no published information on pressurised 

gas outbursts. Most of the information in the literature review was available form 

confidential company reports. 

 

• Data collection remains a critical part of the project as no scientifically valid 

conclusions can be drawn from poor data sets, and hence no meaningful 

recommendations can be made as a result.  

 

• In the initial project scope, the budget allowed for 3 to 4 samples to be collected per 

mining company immediately after an outburst occurs. It is now evident that this gas 

sampling method is not feasible because the gas is dispersed almost immediately 

after the outburst occurs and outburst occurrences are random in nature.  

 

• Although the gas outbursts are only reported when incidents occur, conversations 

with mining staff revealed that these outbursts are encountered more frequently by 

rock drill operators, but do not always cause an injury. Thus, to collect samples of the 

pressurised gases, we need to roll out a mine-wide gas sampling programme where 

the RDOs are equipped to collect gas samples when they encounter gas pockets 

while drilling. This would increase our chances of sampling the outburst gas(es). This 

process will require a mine-wide awareness campaign. Such a programme has not 

been budgeted for in the current project. The initially proposed sampling programme 
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underestimated the random nature of the outbursts, and had very little chance of 

being successful. 

 

• Latona, collaborators on the project, had tax clearance certificate issues that have 

been resolved on 24th April 2014. Latona temporarily withdrew from the project and 

with the exception of the Impala kick-off meeting and one mine visit to Impala, the 

CSIR have conducted the study on their own.  

 

• A major challenge that has as yet not been resolved is the platinum miners’ strike. 

Northam had a 11 week strike that ended mid-January 2014. Consequent to the 

resolution of the Northam strike - Amplats, Implats and Lonmin have been on strike 

since the end of January 2014. This has caused significant delays in interactions with 

the respondents at the mining companies.  

 

In response to the project team’s presentation to SIMRAC on 14th March 2014, SIMRAC 

requested that the CSIR submit a detailed report and costs incurred on the project to MHSC 

and that the CSIR must indicate alternative to proposal with costing indicating risk of 

uncertainty. This would assist SIMRAC to provide guidance on the way forward. 
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9 Detailed costs incurred on the project 

 

A detailed list of operating costs is presented in the table below:  

 

Table 1: Operating Costs 

 Rate Quantity Total Cost 

Laboratory Costs:    

UJ Argon Dating Lab (Geological Samples) R 3 000.00 5 R 15 000.00 

Council For Geoscience (Thin sections) R 100.00 5 R 500.00 

University of Cape Town (Fluid Inclusion analysis) R 14 750.00 1 R14 750.00 

Total Laboratory Costs   R30 250.00 

CSIR Travel:    

29-Oct-13 – Kickoff Meeting – Impala and NECSA    

04-Nov-13 – Impala 14# Investigation – Large gas outburst     

21-Nov-13 – Impala 14# Investigation - Minor gas outburst    

22-Nov-13 – Chamber of Mines – Simrac presentation    

05-Dec-13 – Kickoff Meeting – Lonmin and CSIR Labs    

09-Dec-13 – Kickoff Meeting – Northam      

19-Dec-13 – Lonmin Investigation - Minor gas outburst    

08-Jan-14 – Kickoff Meeting – Anglo Platinum - Rustenburg    

13-Jan-14 – Lonmin Investigation - Minor gas outburst    

07-Mar-14 – Northam meeting     

17-June-14 – SIMRAC meeting     

Total Costs CSIR Travel   R 11 500.00 

Contractor Travel:    

29-Oct-13 – Kickoff Meeting – Impala and NECSA (Tony) 5.45/km 350km R 1 907.50 

29-Oct-13 – Kickoff Meeting – Impala and NECSA (Alan) 5.45/km 350km R 1 907.50 

04-Nov-13 – Impala 14# Investigation – Large gas outburst  5.45/km 350km R 1 907.50 

Total Costs Contractor Travel   R 5 722.50 

 
 
 

  

Total Operating Costs:   R 47 472.50 
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CSIR Manpower/ HR hours between 01 September 2013 and 17 June 2014 are 

presented in the table below. These hours include project management, project 

planning, mine visits, research, presentations and reporting.  

 

Table 2: HR hours between 01 September 2013 and 17 June 2014 

 Rate Hours Total Cost 

CSIR HR Costs: (01 Oct 2013 to 17 June 2014)    

Fatheela Brovko – Project Manager and Geophysicist R 962.00 264  R 253 968.00 

George Henry – Senior Research Geologist R 950.00 219 R 208 050.00 

Total CSIR HR Costs   R 462 018.00 

    

Contractor HR Costs:    

Alan Cook (Latona) R1000.00 16 R 16 000.00 

Anthony Leach (Latona)  R1000.00 24 R 24 000.00 

Total Contractor HR Costs   R 40 000.00 

 

 

Table 3 shows a summary of the approved budget versus actual costs to date. It also 

summarises the amounts paid and owed to the CSIR. 

 

Table 3: Approved Budget 2013/2014 (Planned) vs Actual costs 

 
Approved Cost  

(01/09/13 to 31/08/14) 
Actual Cost  

(01/09/13 to 17/06/14) 
Funds remaining 
(not utilised) 

Project Cost (excl. VAT) R 1 662 904.00 R 549 490.50 R 1 113 413.50 

VAT R 232 806.56 R 76 928.67 R 155 877.89 

Project Cost (incl. VAT) R 1 895 710.56 R 626 419.17 R 1 269 291.39 

    
Amount paid to CSIR 
(excl. VAT) 

 R 79 600.00  

Amount owed to CSIR 
(excl. VAT) 

 R 469 890.50  

 

 

Table 4 is a summary of all project expenses presented in this section.  
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Table 4: Summary of all project expenses, approved and actual (Exl VAT). 

Staff Costs Operating Costs Capital Costs Subcontractor costs

PLANNED R 969 504.00 R 255 000.00 R 438 400.00

ACTUAL R 462 018.00 R 47 472.50 R 40 000.00

TOTAL COSTS (PL)

TOTAL COSTS (AC)

Total Planned

For Project Hours Rate Total

Fatheela Brovko R 304 000.00 264 962 R 253 968.00

George Henry R 258 400.00 219 950 R 208 050.00

Van Zyl Brink R 174 464.00 0

Josias Nonyana R 70 720.00 0

Mpho Nkwana R 70 720.00 0

Gideon Ferreira R 91 200.00 0

Total R 969 504.00 483 R 462 018.00

Total Planned

For Project For Project

Laboratory Costs R 200 000.00

Contractor Travel R 15 000.00

CSIR Travel R 40 000.00

Total R 255 000.00

Total Planned

For Project Hours Rate Total

Alan Cook R 200 000.00 16 1000 16000

Anthony Leach R 200 000.00 24 1000 24000

Idris Ally R 38 400.00

Total R 438 400.00 40 R 40 000.00

R 30 250.00

R 5 722.50

R 11 500.00

R 47 472.50

R 87 304.00

R 1 662 904.00

Planned Costs

R 79 600.00

R 147 659.00

R 147 660.00

Guidebook

Actual Costs

Expense

Pressurised gasses in the Bushveld Complex: SIM 130401

DETAILED COSTING

PROJECT EXPENSES

Actual

HR COSTS

R 549 490.50

Enabling Output

Name
Actual

Consolidation of results - Quantifying the gas problem in the 

Bushveld Complex

Correlate historical incidents with geology & ventilation R 93 978.10

On mine studies at champion mine 

On mine studies at mine 1

On mine studies at mine 2

R 79 600.00Literature Review

SUB CONTRACTOR COSTS

OPERATING COSTS

Actual

On mine studies at mine 3

R 93 978.10

R 93 978.10

R 93 978.10

R 147 660.00

R 147 660.00

R 93 978.10

Summary of Feasibility study - Geophysical methods to assist in 

early warning
Summary of Feasibility study - Continuous sensing of gas seapage 

in working areas for early warning

R 120 400.00

R 140 000.00

R 78 500.00

R 187 540.00

Facilitate integration of risk map with champion mine plan

Develop management strategy for mining in high risk areas/ best 

practice
1 Day workshop

R 136 416.00

R 181 200.00

R 61 304.00
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10 Outline of Alternative Proposal 

 

Because of the challenges described, the project could not be completed in its current form. 

This project, however, remains an important and critical study because: 

 

• Pressurised gas outbursts continue to occur in the platinum mines, and the frequency 

will rise in the future as the mining becomes deeper. 

  

• The mines report a pressurised gas outburst only when it causes an injury to the 

miner, so the actual frequency of the pressurised gases occurrences is higher; how 

much more is not known until a proper study is conducted. Any injuries will disrupt 

the mining cycle and result in substantial financial losses to the mining companies. 

Thus mitigation of the effects of pressurised gas outburst is imperative for 

sustainable and safe platinum mining at depth in the future. 

 

• We do not know the exact composition of the gas(es) that occur in the pressurised 

pockets. If the gas is not flammable, then it may not be directly detectable by 

standard GDI. In addition if the flammable gas concentration is less than the 

detection limit of the standard GDI, then it cannot be directly detected.  

 

• We do not know the source(s) of the gas(es) nor their ages. Although this would be 

difficult to determine, it is crucial to know whether the gas(es) are ancient and 

trapped in the rock, recent and still rising up from deep mantle sources, being 

generated by methanogenic bacteria in water-bearing faults,  resulting from 

serpentinisation of mafic and ultramafic Bushveld rocks, or from another, as yet 

unidentified, source. 

 

• Although it has been established that the pressurised gas outbursts are associated 

with geological features or a combination of such features, it is important to know 

which are critical.  

 

From the research completed to date and from the input of the platinum mining companies, 

the MHSC and SIMRAC, we believe that the mitigation of risks of injuries caused by 

pressurised gas outbursts should be the critical research focus. The input from Northam has 

suggested that the strategy they are implementing has proven successful in the past seven 

years. However, we do not know at present whether such a strategy can be implemented 
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across the board because the mining conditions across the western Bushveld Complex are 

not uniform.  

 

We would thus suggest that we re-scope the current project as a Phase 1 study that can be 

refined in the future as a more comprehensive study.  

 

We envisage carrying out the project in two separate workstreams that have separate risk 

profiles and that will take place concurrently. Although we would like SIMRAC to approve of 

both workstreams because we feel that they are of equal importance, we would understand 

a decision not to proceed with the higher risk workstream.  

 

Workstream 1 

During this work stream the following objective will be the achieved: 

 

• The use of the MOSH Leading Practice Adoption System to identify promising 

leading practice in the mitigation of risks caused by pressurised gas outburst:  

� Selects the best practices for mitigating risks caused by pressurised gas 

outbursts, document it at the operational mine (Northam) and identify possible 

aids and barriers to its adoption at potential adoption mines. 

� Since geological conditions are the main causative factors in the pressurised gas 

outburst events, an investigation and assessment is suggested of the role that 

geological inputs play in the mining cycle on the platinum mines.  

� Address questions such as “What is the geological data flow?”; “What is the 

interaction amongst the mining engineers, geologists, rock engineers and 

ventilation personnel?”; “What are the mines’ cover and exploration drilling 

policy?”  

 

� Risks: We foresee negligible (low) risks associated with this task that involves 

direct contact and discussions with the mining company personnel concerned. 

These include time constraints of mine personnel – they are under constant 

production pressure and cannot always make time for meetings, or have last 

minute cancellations due to unforeseen emergencies.  

 

� Output: A general Standard Operating Procedure (SOP) and Best Practices for 

mitigating risks caused by pressurised gas outbursts.  
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Workstream 2 

This workstream encompasses three sub-tasks: 

 

• The development of a gas collection instrument:  

� This entails the development of a cheap (<R150) but effective gas collecting 

instrument that can be issued to anyone in order to collect gas samples, without 

the need for extensive training. 

 

� Risks: Low risks are associated with this objective as Latona and NECSA 

already have a working prototype of this instrument.  

 

� Output: A cheap effective gas collection instrument that is easy to use. 

 

• The implementation of a baseline gas study at the champion mine:  

� This entails the collection of gas from a random selection of drill holes to 

establish a base-line study of the existing gases that are being emitted 

continuously in the mine. This study is focused on the Champion Mining 

Company for this phase. Similar base-line studies can be done at the other 

participating mining companies in follow-up phases to this project, if requested by 

SIMRAC.  

 

� Risks: Low risks are associated with this objective because the gas collection 

will be conducted by the mining company’s ventilation officers or technicians from 

the CSIR - using suitable equipment.  

 

� Output: Information on the baseline borehole gases from the champion mining 

company that can be compared to results obtained during pressurised gas 

sampling campaign.  

 

• The development and implementation of a gas collection strategy:  

� This entails a data collection campaign at the champion mining company to 

collect samples of the gases causing the outbursts.  

 

� Risks: This objective has the highest risk because of the nature of the 

pressurised gas (disburses immediately after it is intersected). This risk can 
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however be reduced by collecting gas samples from geological holes that mines 

are currently drilling. Despite the high risks involved, the attempt to collect 

samples of the pressurised gases that cause the outbursts should nevertheless 

be undertaken because, if successful, it will fill a critical knowledge gap in our 

study. 

 

� Output: A risk map for the champion mining company and a gas collection 

strategy to apply to other mines in later project phases.  

 

 

11 Immediate Critical Step  

 

We have had minimal contact with the platinum mining companies in the previous 

quarter because of the ongoing miners’ strike. Although we have presented an outline of 

the re-scoped proposal, it is critical that the project team workshop these ideas and 

objectives with the four platinum mining companies - in order to ensure that the re-

scoped project is properly thought out and vetted by industry.  

 

During the workshop, all the issues that have an impact on the study will be discussed, 

and addressed in the re-scoped project proposal. The workshop will include 

management-level participants from the geological, ventilation, rock mechanics and 

safety personnel from the platinum mining companies.  

 

Following the workshop, a detailed re-scoped project, together with a detailed budget, 

will be presented to SIMRAC for consideration. By only presenting the final document 

after the workshop, it is anticipated that a more workable project can be implemented 

that will provide tangible outputs for the stakeholders.  

 

The cost for running this workshop as well as finalising the re-scoped project proposal is 

presented in Table 5.  
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Table 5: Costs for running the workshop and finalising the re-scoped project proposal 

 Rate Hours Total Cost 

CSIR HR Costs:     

Fatheela Brovko – Project Manager and Geophysicist R 962.00 48 R 46 176.00 

George Henry – Senior Research Geologist R 950.00 40 R 38 000.00 

Total CSIR HR Costs   R 84 176.00 

    

Contractor HR Costs:    

Alan Cook (Latona) R1000.00 24 R 24 000.00 

Anthony Leach (Latona)  R1000.00 24 R 24 000.00 

Total Contractor HR Costs   R 48 000.00 

    

Expenses:     

CSIR Travel to Workshop Venue (350km @ 5.45)   R 1 907.50 

Alan Travel to Workshop Venue (350km @ 5.45)   R 1 907.50 

Tony Travel to Workshop Venue (350km @ 5.45)   R 1 907.50 

Total Expenses:   R 5 722.50 

    

   R 137 898.50 

 

 

12 Project closure statement 

 

Following the presentation of the progress report to SIMRAC on the 17th June 2014, a 

decision was taken by the Committee on the 3rd July 2014 to stop the project with 

immediate effect because of the high risks involved. This document represents the final 

report. 

We note here that the pressurized gas outbursts will continue to be a significant problem in 

the platinum mining industry in the future as mining progresses to greater depths. They are 

not well understood, and will cost the mining company in time, money and injuries/deaths if 

sustainable mitigating actions are not implemented.  
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This SIMRAC project has highlighted the different risks involved in such a complex problem, 

and should be seen as the first step in a much-needed study that SIMRAC should undertake 

going forward. If nothing is done, the loss of time and money due to injury or death as a 

result of the next pressurized gas outburst will testify to the critical need for such a study. 

  



52 

 

13 References 

 

Anonymous (2013) Atmosphere of Earth. www.en.wikipedia.org/wiki/air. Last 

accessed 15 October 2013.  

 

Cook, A.P. (1998). The occurrence, emission and ignition of combustible strata 

gases in Witwatersrand gold mines and Bushveld platinum mines, and means of 

ameliorating related ignition and explosion hazards. Part 1: Literature and technical 

review. Unpublished Project Report Number GAP 504, prepared by Itasca Africa 

(Pty) Ltd for the Safety in Mines Research Advisory Committee, 89pp. 

 

Diaz Aguada, M.B. and Gonzalez Nicieza, C. (2007) Control and prevention of gas 

outbursts in coal mines, Riosa-Olloniego coalfield, Spain. International Journal of 

Coal Geology, 69, 253-266. 

 

Farquhar, J. (1986) The Western Platinum Mine. 1135-1142. In: Anhaeusser, C.R. 

and Maske, S. (editors) Mineral Deposits of Southern Africa. I. Geological Society of 

South Africa, Johannesburg, 1020pp. 

 

Gihring, T.M., Moser, D.P., Lin, L.-H., Davidson, M., Onstott, T.C., Morgan, L., 

Milleson, M., Keift, T.L., Trimarco, E., Balkwill, D.L. and Dollhopf, M.E. (2006) The 

distribution of microbial taxa in the subsurface waters of the Kaalahari Shield, South 

Africa. Geomicrobiology Journal, 23, 415-430. 

 

Hugo, P.J. (1963) Helium in the Orange Free State Goldfield. Bulletin of the 

Geological Survey of South Africa, v39, 28pp. 

 

Hugo, P.J. (1964) The Evander Gas-field. Bulletin of the Geological Survey of South 

Africa, v41, 40pp. 

 

Leach, A.R. and Cook, A.P. (2007) Assessment of gas out-burst in 23 Level 

Merensky South Dive at 11 Shaft, Impala Platinum Limited. Unpublished Report by 

Itasca (Pty) Ltd to Impala Platinum Limited, 8pp. 

 

Leeb-du Toit, A. (1986) The Impala Platinum Mines. 1091-1106. In: Anhaeusser, 

C.R. and Maske, S. (editors) Mineral Deposits of Southern Africa. I. Geological 

Society of South Africa, Johannesburg, 1020pp.  



53 

 

 

Lin, L-H., Hall, J., Lippman-Pipke, J., Ward, J.A., Sherwood Lollar, B., DeFlaun, M., 

Rothmel, R., Moser, D., Gihring, T.M., Mislowack, B. and Onstott, T.C. (2005) 

Radiolytic H2 in continental crust; Nuclear power for deep subsurface microbial 

communities. Geochemistry Geophysics Geosystems, 7, 12 July 2005, doi: 

10.1029/2004GC000907. 

 

McCollom, T.M. and Bach, W. (2009). Thermodynamic constraints on hydrogen 

generation during serpentinization of ultramafic rocks. Geochimica et Cosmochimica 

Acta, 71, 856-875. 

 

Mitchell, A.A. (2007) Report on a pressure burst as 23 Merensky South Drive 

(23MS), 11 Shaft Decline. Unpublished Report to Impala Platinum Limited, 11pp. 

 

Neubeck, A., Duc, N.T., Bastviken, D., Crill, P and Holm, N.G. (2011) Formation of 

H2 and CH4 by weathering of olivine at temperatures between 30 and 70 C. 

Geochemical Transaction, 12. Doi: 10.1186/1467-4866-12-6. 

 

Pfiffner, S.M., Cantu, J.M., Smithgall, A., Peacock, A.D., White, D.C., Moser, D.P., 

Onstott, T.C. and van Heerden, E. (2006) Deep subsurface microbial biomass and 

community structure in the Witwatersrand Basin mines. Geomicrobiology Journal, 

23, 431-442. 

 

Potter, J., Rankin, A.H. and Trelaor, P.J. (2004) Abiogenic Fischer-Tropsch 

synthesis of hydrocarbons in alkaline igneous rocks; fluid inclusion, textural and 

isotopic evidence from the Lovozero complex, N.W. Russia. Lithos, 75, 311-330. 

 

Scoon, R.N. and Mitchell, A.A. (1994) Discordant iron-rich ultramafic pegmatites in 

the Bushveld Complex and their relationship to iron-rich intercumulus and residual 

liquids. Journal of Petrology, 35, 881-917. 

 

Shepherd, J., Rixon, L.K., Griffiths, L. (1981) Outbursts and geological structures in 

coal mines: a review. International Journal of Rock Mechanics and Mineral Science 

- Geomechanical Abstracts, 18, 267–283. 

 



54 

 

Sherwood Lollar, B., Frape, S.K., Weise, S.M., Fritz, P., Macko, S.A. and Welhan, 

J.A. (1993) Abiogenic methanogenesis in crystalline rocks. Geochimica et 

Cosmochimic Acta, 57, 5087-5097. 

 

Sherwood Lollar, B., Lacrampe-Couloume, G., Slater, G.F., Ward, J., Moser, D.P., 

Gihring, T.M., Lin, L.-H. and Onstott, T.C. (2006). Unravelling abiogenic and 

biogenic sources of methane in the Earth’s deep subsurface. Chemical Geology, 

226, 328-339. 

 

Symonds, R.B., Rose, W.I., Bluth, G.J.S. and Gerlach, T.M. (1994) Volcanic gas 

studies; methods, results and applications. Reviews in Mineralogy and 

Geochemistry, 30, 1-66. 

 

Viljoen, M.J. and Hieber, R. (1986). The Rustenburg Section of Rustenburg 

Platinum Mines Limited, with refrence to the Merensky Reef. 1107-1134. In: 

Anhaeusser, C.R. and Maske, S. (editors) Mineral Deposits of Southern Africa. I. 

Geological Society of South Africa, Johannesburg, 1020pp. 

 

Viljoen, M.J., de Klerk, W.J., Coetzer, P.M., Hatch, N.P., Kinloch, E. and Peyerl, W. 

(1986). The Union Section of Rustenburg Platinum Mines Limited with reference to 

the Merensky Reef. 1061-1090. In: Anhaeusser, C.R. and Maske, S. (editors) 

Mineral Deposits of Southern Africa. I. Geological Society of South Africa, 

Johannesburg, 1020pp. 

 

14 Bibliography 

Bradley, A.S. and Summons, R.E. (2010) Multiple origins of methane at the Lost Cit 

Hydrothermal Field. Earth and Planetary Science Letters, 297, 34-41. 

 

Brand, E.L. (1986) Water and gas occurrences in the Evander Goldfield. 797-809. 

In: Anhaeusser, C.R. and Maske, S. (editors) Mineral Deposits of Southern Africa. I. 

Geological Society of South Africa, Johannesburg, 1020pp. 

 

Cook, A.P. and Leach, A.R. (2009) Review of gas outburst a19 C South Drive, 

Impala 14 Shaft. Unpublished Report by Itasca (Pty) Ltd to Impala Platinum Limited, 

13pp. 

 



55 

 

Cook, A.P. and Leach, A.R. (2010) Review of gas source at 11 Level Development, 

Impala 10 Shaft. Unpublished Report by Itasca (Pty) Ltd to Impala Platinum Limited, 

12pp. 

 

Etiope, G., Schoell, M. and Hosgormez, H. (2011) Abiotic methane flux from the 

Chimaera seep and Tekirova ophiolites (Turkey): Understanding gas exhalations 

from low temperature serpentinization and implications for Mars. Earth and 

Planetary Science Letters, 310, 96-104. 

 

Fiebig, J., Woodland, A.B., Spangenberg, J. and Oschmann, W. (2007) Natural 

evidence for rapid abiogenic hydrothermal generation of CH4. Geochimica et 

Cosmochimica Acta, 71, 3028-3039.  

 

Fruh-Green, G.L., Connolly, J.A.D.,  Plas, A., Kelley, D.S. and Grobety, B.  (2004) 

Serpentinization of oceanic peridotites: Implications for geochemical cycles and 

biological activity. 119-136. In: Wilcock, W.S. et al (editors) The Subseafloor 

Biosphere at Mid-Ocean Ridges. Geophysical Monograph Series, 4, American 

Geophysical Union, Washington D.C.  

 

Fu, Q., Sherwood Lollar, B., Horita, J., Lacrampes-Couloume, G. and Seyfreid, W.E. 

Jr. (2007). Abiotic formation of hydrocarbons under hydrothermal conditions: 

Constraints from chemical and isotope data. Geochimica et Cosmochimica Acta, 71, 

1982-1998. 

 

Glasby, G.P. (2006) Abiogenic origin of hydrocarbons: An historic overview. 

Resource Geology, 56, 85-98. 

 

Gold, T. and Soter, S. (1982). Abiogenic methane and the origin of petroleum. 

Energy Exploration and Exploitation, 1, 89-104. 

 

Kieft, T.L., McCuddy, S.M., Onstrott, T.C., Davidson, M., Lin, L-H., Mislowack, B., 

Pratt, L., Boice, E., Sherwood Lollar, B., Lippman-Pipke, J., Pfiffner, S.M., Phleps, 

T.J., Gihring, T., Moser, D. and van Heerden, A. (2005) Geochemically generated, 

energy-rich substrates and indigenous microorganisms in deep, ancient 

groundwater. Geomicrobiology Journal, 22, 325-335. 

 



56 

 

Konn, C., Charlou, J.L., Donval, J.P., Holm, N.G., Dehairs, F. and Bouillon, S. 

(2009) Hydrocarbons and oxidized organis compounds in hydrothermal fluids from 

Rainbow and Lost City ultramfic-hosted vents. Chemical Geology, 258, 299-314. 

 

Lazar, C., McCollom, T.M. and Manning, C.E. (2012) Abiogenic methanogenesis 

during experimental komatiite serpentinization: Implications for the evolution of the 

early Precambrian atmosphere. Chemical Geology, v326-327, 102-112.  

 

Mazzini, A., Svensen, H., Etiope, G.,  Onderdonk, N. and Banks, D. (2011) Fluid 

origin, gas fluxes and plumbing system in sediment-hosted Slaton Sea Geothermal 

System (California, USA). Journal of Volcanology and Geothermal Research, 205, 

67-83. 

 

McCollom, T.M. (2013) laboraoty simulations of abiotic hydrocarbon formation ein 

Earth’s deep subsurface. Reviews in Mineralogy and Geochemistry, 75, 467-494. 

 

McCollom, T.M, Sherwood Lollar, B., Lacrampe-Couloume, G. and Seewald, J.S. 

(2010) The influence of carbon source on abiotic organic synthesis and carbon 

isotope fractionation under hydrothermal conditions. Geochimica et Cosmochimica 

Acta, 74, 277-2740. 

 

Proskurowski, G., Lilley, M.D., Seewald, J.S., Fruh-Green, G., Olson, E.J., Lupton, 

J.E., Sylva, S.P. and Kelley, D.S. (2008) Abiogenic hydrocarbon production at Lost 

City hydrothermal field. Science, 319, 604-607.  

 

Reid, D.L. and Basson, I.J. (2002). Iron-rich ultramafic pegmatite replacement 

bodies within the Upper Critical Zone, Rustenburg Layered Suite, Northam Platinum 

Mine, South Africa. Mineralogical Magazine, 66, 895-914. 

 

Schoell, M. (1988) Multiple origins of methane in the earth. Chemical Geology, 71, 

1-10. 

 

Scoon, R.N. and Mitchell, A.A. (2011) The principal geological features of the 

Mooihoek platiniferous dunite pipe, eastern limb of the Bushveld Complex, and 

similarities with replaced Merensky Reef at the Amadelbult Mine, South Africa. 

South African Journal of Geology, 114, 15-40. 

 



57 

 

Sephton, M.A. and Hazen, R.M. (20130 On the origins of deep hydrocarbons. 

Reviews in Mineralogy and Geochemistry, 75, 449-465.  

 

Seyfried, W.E., Foustakos, D.I. and Fu, Q. (2007) Redox evolution and mass 

transfer during serpentinization: An experimental and theoretical study at 200 ° C, 

500 bar with implications for ultramafic-hosted hydrothermal systems at Mid-Ocean 

Ridges. Geochimica et Cosmochimica Acta, 71, 3872-3886. 

 

Taran, Y.A., Kliger, G.A. and Sevastianov, V.S. (2007) Carbon isotope effects in the 

open-system Fischer-Tropsch synthesis. Geochimica et Cosmochimica Acta, 71, 

4474-4487. 

 

Tassi, F., Fiebig, J., Vaselli, O. and Nocentini, M. (2012). Origins of methane 

discharging from volcanic-hydrothermal, geothermal and cold emissions in Italy. 

Chemical Geology, v.310-311, 36-48. 



58 

 

15 Appendix A 

 

 



59 

 

 

 

  



60 

 

 

 

  



61 

 

 

  



62 

 

 

 

 

 



63 

 

 

 

16 Appendix B 

 

 



64 

 

 



65 

 

 

 

 



66 

 

 

 

 

 

 

 

 



67 

 

 

 

 



68 

 

 

 

 

  



69 

 

17 Appendix C 

 

 

 



70 

 

 

 

 

 



71 

 

 

 

 

 



72 

 

 


