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Abstract 

For an open pit mine, the evaluation and prediction of the mechanisms of instability, potential 

volume and timing of any wall failure are the main challenges at every stage of planning and 

operation. The aim of slope stability studies is to reach an optimum pit design, which will 

maximise the economical return from mining investments and at the same time will reduce 

the likelihood of potential failures. Generally, the assessment of any possible instability 

requires a complete understanding of structural controls, rock mass properties, potential 

failure mechanisms and hydrogeology. From the feasibility studies through the lifetime of 

operations, all these information has to be constantly updated and reviewed to evaluate and 

possible anticipate possible failure mechanisms. 

A fundamental part in the process is to constantly and frequently monitor the slope 

performance through the entire process of excavation. Monitoring has certainly a daily impact 

to reduce potential risk for personnel and equipment, but also allows evaluating slope 

behaviour to refine and improve the implemented design. In some cases steeper slope angles 

can be achieved, while in other situations flatter pit walls or buttresses may be necessary. For 

many operations, surface monitoring is carried out by visual inspections and using geodetic 

prisms. More recently, technologies such as ground-based radar and terrestrial laser scanners 

have further improved the way surface deformations are monitored, allowing nearly real time 

and closely spaced measurements. However, in the case of large slope scale deformations, 

acquiring information on the rock mass response behind unstable slope can become critical. 

Therefore, subsurface instrumentations, such as inclinometers and/or extensometers may be 

necessary. In general one of the main restrictions of such tools is that they are not able to 

provide a full 3D coverage of the slope. More important, they required a safe access for 

drilling, installation and collection of the data, which in certain situations (e.g. difficult access 

to the benches, safety constrains, and/or large surface deformations) may not be feasible. This 

can pose a significant challenge for mining engineers, as without subsurface information, 

potential depth of the unstable volume and rock mass response cannot be fully understood. In 

many cases, engineers assumed rigid body movements, with surface monitoring reflecting 

deep slope deformations. 

In order to overcome some of these issues, several researches, particularly in the last decade, 

has been focus on the possible application of microseismic monitoring for open pit monitoring. 

The technique relies on the recording of seismic waves generated by inelastic response within 

the rock mass and has been used since the early ’60 in underground operations to manage the 
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for rockburst risk and ground conditions assessment. Over the years has found more and more 

applications in other geotechnical fields (caving and rock slope monitoring, laboratory tests, oil 

and gas, geothermal fields). In the open pit environment and in natural rock slopes, the 

number of case studies is still limited and the technique has not reached the maturity to be 

used as a routine method, requiring a great deal of interpretation. In addition, link between 

geological-geotechnical information, surface monitoring and microseismic data was rarely 

discussed and this should be the target of a deeper study. 

In this thesis the author discussed the slope stability study on for the South-West Wall at MMG 

Century mine (Queensland, Australia), where a microseismic system was installed in order to 

monitor an unstable large scale slope. Since mining commenced, this area of the pit has 

represented a significant challenge for geotechnical engineer, with continuous unravelling of 

bedding planes and several bench scale failures. Previous geotechnical investigation conducted 

by MMG geotechnical team and supported by numerical analysis highlighted the possibility of 

the development of a large scale deep seated failure, which led to incorporate a buttress in the 

original design. However, despite the change in the design, there were concerns that such 

mechanism would still develop, causing a premature closure of the operations. Given the fact 

that traditional subsurface monitoring was not feasible, MMG management on suggestion of 

the Australian Centre for Geomechanics (ACG) suggested the installation of a microseismic 

monitoring system. 

The present work used a multi-approach analysis, combining geotechnical information, surface 

and microseismic data and Finite-Element modelling to assess the possible case scenarios 

previously identified and better understand the damage of the rock mass behind the pit wall. 

Despite the comprehension of the instability still required a holistic approach for the 

interpretation of the slope movements, microseismic monitoring has been proven a useful 

management tool in order to assess rock mass damage when no other subsurface data are 

available. The investigations highlighted how the assumption of rigid body movements in 

certain situations can be misleading. In fact, the slope stability study not only allowed 

excluding the development of a deep seated failure, but also underpins a complex mechanism, 

including progressive degradation of shales near the surface. In addition, the research 

compared the microseismic data results analysed by three different independent service 

providers/research groups and by the manual processing carried out by the author itself. The 

aim was to investigate potentials and current challenges engineers should be aware of in the 

design and implementation of a microseismic system in open pit mines. 
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1 Introduction 

1.1 Background 

The aim of open pit slope design is to achieve the most economical pit geometry in order to 

extract a certain mineral reserve (Hoek et al. 2000b; Stacey 2009; Williams et al. 2009; 

Hustrulid et al. 2013). One of the key factors is represented by the cost of removing waste 

material to expose and remove the ore. This ratio of waste removed to recover one tonne of 

ore is called the stripping ratio. Steeper slopes will minimise the stripping ratio and the cost 

associated with the blasting and mobilisation of the waste material. However, an aggressive 

design will increase the likelihood of instabilities; compromising mining productivity and 

possibly affecting the health and safety of personnel (Sjöberg 1999; Read 2007; Brown and 

Booth 2009; Darling 2011). The indirect costs, such as loss of company credibility and the 

effects on the stock market and shareholders, must also be considered. Therefore, the pit 

slope limit is a result of the conflict between adopting a less conservative approach and 

minimising the numbers of instabilities and the associated risk (Girard 2001; Wyllie and Mah 

2004; Steffen et al. 2008; Williams et al. 2009). 

Generally, the design process should involve a comprehensive understanding of the geology, 

structural geology, material properties and hydrogeology of the area. All this information is 

continuously collected during the lifetime of the operation and regularly reviewed to recognise 

and/or anticipate possible failure mechanisms (Cawood and Stacey 2006; Read 2007; Stacey 

2009). A fundamental key in this process is to assess slope performance during excavation 

through regular and frequent monitoring of slope deformations. Pit monitoring can have both, 

an impact on the safety of daily operations and provide more robust knowledge of the 

historical response throughout the mining sequence (Hoek et al. 2000a; Wyllie and Mah 2004; 

Hawley et al. 2009). Therefore, monitoring data often helps to understand slope behaviour and 

provides the input for design implementations. For example, if the risk associated with a 

particular area is considered to outweigh the value of the orebody, a flatter pit slope can be 

adopted or a buttress may be included in the design. 

Current practice for slope performance assessment in open pit mining is carried out by 

personnel through the monitoring of surface deformations using visual inspections and a 

network of surveyed geodetic prisms. Ground-based radar and terrestrial laser scanner have 

also recently become popular in the industry allowing a wider coverage of the pit and almost 

real-time monitoring (Harries et al. 2006; Little 2006; Hutchison et al. 2015). However, all these 
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tools can only detect deformations near the surface and no information is available to help 

understand the rock mass behaviour at depth. 

The rock mass response at depth can become critical in cases of large scale slope instabilities 

that involve multiple inter-ramp slope segments or the overall slope. In fact, they require a 

more comprehensive approach to determine the mode of failure, the triggering mechanism 

and the possible volume involved (Hawley et al. 2009). Additional implementation of 

subsurface monitoring, such as inclinometers and/or extensometers, may be necessary. 

However, these instruments cannot cover the 3D volume of the rock slope (Lynch et al. 2005; 

Lynch and Malovichko 2006). Moreover, they require safe access for the drilling, installation of 

the system and for data collection, if the instruments cannot be read remotely. Unfortunately, 

in some cases the amount of deformation experienced may compromise the capability of the 

personnel to work in these areas, with the consequence that engineers can only rely on the 

surface survey data. 

In the last decade several attempts have been carried out to implement routine microseismic 

monitoring in open pit mines (Hudyma et al. 2003; Lynch et al. 2005; Sweby et al. 2006; Kagan 

et al. 2013; Vinoth and Kumar 2014) and natural rock slopes (Chen et al. 2005; Spillmann et al. 

2007; Roth and Blikra 2009; Brückl et al. 2013). Some of these case studies and related 

literature are discussed in detail in ‘Chapter 2 - Literature Review’. The general purpose of 

these research activities was to provide some early warning of developing slope instability 

(Wesseloo et al. 2009). 

The technique is based on the recording of the radiated seismic energy generated by brittle 

fracturing in order to estimate 3D location and parameters at the source. Microseismic 

monitoring has been more commonly used in underground mining operations with the aim of 

understanding mining-induced seismicity. Over the years it has provided an important tool to 

comprehend the spatial and temporal occurrence of seismic events and to manage rockburst 

hazard (Gibowicz and Kijko 1994; Mendecki 1997; Alcott et al. 1998; Milev et al. 2001; Van 

Aswegen et al. 2005).  

In the open pit environment and in natural rock slopes, the number of case studies is still 

limited and the technique has not reached the maturity to be used as a routine method, 

requiring a great deal of interpretation (Wesseloo and Sweby 2008). In particular, the 

relationship between microseismic activity, ground deformation and triggered failure 

mechanisms has rarely been investigated in detail (Salvoni and Dight 2016). Moreover, as the 

technique has been mainly focused on earthquake and underground mine experience, specific 
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guidelines for open pit mines are not available (Salvoni et al. 2016). Therefore, there is the 

need for deeper studies to validate and comprehend microseismic monitoring data for 

unstable rock slopes. 

 

1.2 Problem definition 

MMG Limited’s (MMG) Century Mine is an open pit mine located near Lawn Hill in North 

Queensland, approximately 250 km northwest of Mount Isa, close to the Northern Territory 

border. Since 2009, the Southwest (SW) Wall has been affected by several multi-batter failures 

associated with continuous bedding planes (Kurukuk and Sweeney 2012). Geotechnical 

investigations conducted by MMG, supported by numerical modelling (Sainsbury et al. 2013) 

have interpreted these instabilities as potential development of a deep-seated failure. 

Consequently, in early 2013 the final slope design was changed and a buttress was 

incorporated to prevent further progression of the instability. Despite the implementation of 

the buttress, there were still concerns that with the increase of the depth of the mine, the 

deep deformation would have still taken place and caused failure. 

Safe and effective mining operations below the SW Wall have primarily been managed by 

surface displacement monitoring (ground-based radar and geodetic prisms). However, as the 

access for the installation of a subsurface monitoring system was limited, no information of 

the rock mass damage behind the pit wall was available. Therefore, at the beginning of 2013 a 

microseismic system was proposed and subsequently implemented to better understand the 

subsurface behaviour during mining and post mining. 

 

1.3 Objectives 

The objectives of this work are: 

• Integration of geological/geotechnical data, surface and microseismic monitoring for 

assessing the rock mass damage in a large unstable slope; 

• Evaluation of potential and limitations of current routine microseismic monitoring 

practice in open pit mines; 

• Providing additional guidelines for the implementation of microseismic monitoring of 

open pit rock slopes. 
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1.4 Approach 

As part of this research, a review of previous geological/geotechnical analyses carried out by 

MMG’s geotechnical team and their consultants was undertaken. Following this, a forensic 

investigation was completed in order to better comprehend the rock mechanics’ behaviour 

and possible failure modes. A review was conducted of the surface monitoring data, looking at 

the temporal/spatial response of ground deformation and slope kinematics. This involved the 

analysis of both prism and ground-based radar data to achieve a clearer image of the 

instability evolution for different sectors of the slope.  

In order to evaluate the current microseismic monitoring practice in open pit mines, data 

collected were also provided to three independent applied research groups to be processed so 

they could provide their interpretations. The first group (instrument suppliers) analysed the 

data based on current routine practice (Lynch et al. 2005; Lynch and Malovichko 2006). The 

methodology involved the analysis of the seismic data based on a trigger algorithm, manual 

processing and a fast availability of the data for engineers and management. The other two 

groups analysed the same dataset using more complex processing and having available both 

continuous and triggered seismic data. The data was also manually processed by the author, 

using the software/algorithm provided by the instrument supplier, using the continuous 

dataset.  

Each dataset was critically analysed and integrated with the previous observations to underpin 

potential and limitations of the methodology used. A multi-approach analysis, combining all 

available data and observations, was then used to assess the rock mass damage for the slope 

and provide a conceptual model of the instability. The mechanism is then analysed through 

some simplified Finite Element numerical modelling.  

 

1.5 Organisation 

The core of the thesis has been subdivided in the following section (Figure 1.1). 

• Chapter 1 serves as an introduction of the main content of the thesis. The chapter 

provides a definition of the problem, thesis objectives, research methodology and 

organisation of the thesis. Additionally, this chapter summarises the significance and 

contribution of this research; 

• Chapter 2 focuses on an understanding of previous studies on the use of microseismic 

techniques to monitor slope behaviour in both open pits and natural slopes. The 
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review established that there is the need to evaluate current routine microseismic 

monitoring practice in open pit mines. The microseismic data have been analysed 

looking at the whole slope scale in order to understand trigger mechanisms, failure 

modes and rock mass damage to link them together; 

• Chapter 3 gives a general overview of the Century Mine case study and the history of 

the instability of the SW Wall. As several factors were not taken into account in the 

provided geotechnical model, more investigations were undertaken to fully 

understand geological and structural control and material properties. In particular, 

attention will be given to the factors that engineers should be aware of when dealing 

with shale rock and the possible impact on slope stability; 

• Chapter 4 looks in detail at the available surface monitoring data, combining 

information from both prisms and ground-based radar, and analysing spatial and 

temporal patterns of displacements in order to unravel the relationship between 

structurally controlled instability and global instability mechanisms; 

• Chapter 5 analyses the microseismic data from different service providers, discussing 

some of the challenges encountered during the research project. The aim is to provide 

the reader with an overview of the factors that play a significant role in the results 

presented and how they may affect the instability interpretation. Spatial and temporal 

distribution of the data is analysed and information from geotechnical data and 

surface monitoring previously analysed will be taken into account in order to interpret 

the data and strengthen the geological/geotechnical model; 

• Chapter 6 discusses the Finite Element numerical modelling analysis to investigate the 

relationship between failure mechanism/s and microseismic results; 

• Chapter 7 draws conclusions from the work presented within this thesis and proposes 

specific and general recommendations for future work. 
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Figure 1.1 Conceptual structure of the thesis  

 

1.6 Significance and contribution 

Understanding the development of instability in open pit mines is of utmost importance to 

increase the safety to personnel and equipment and reduce the economic risk. One of the 

most common assumptions is that ground deformations reflect the behaviour of rock mass at 

depth. However, in some cases to fully comprehend large scale slope instability it is necessary 

to understand the fracture development and propagation behind the pit wall which may not 

be represented by the surface monitoring. The Century Mine case study showed that shale 

rock can undergo progressive weathering/degradation related to the presence of sulphite 

mineral (e.g. pyrite). This phenomenon can mask the behaviour of the rock mass at depth and 

may cause the development of further mechanisms. 

This thesis is significant due to attempts to combine several sources of monitoring (surface and 

microseismic) and geotechnical data to better understand instability mechanisms. The results 

indicated a strong relationship between the spatial and temporal distribution of microseismic 

data and the slope activity, highlighting a complex kinematic mechanism and strengthening 

the geological/geomechanical model.  

Finally, the work significantly contributes to unpin some of the current challenges in 

microseismic monitoring for open pit mines and provides useful guidelines that geotechnical 

engineers and mine operators should be considering in the design and implementation of such 

a technique. 
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2 Literature Review 

2.1 Introduction 

Seismic events can be described as a “transient earth motion caused by a sudden release of 

potential or stored strain energy in the rock” (Hedley 1992). As shown in Figure 2.1, this 

process can occur on different scales, generating seismic waves in different frequency ranges 

(Hardy 1981; Manthei et al. 2000; Cai et al. 2007a). Traditional seismology has been primarly 

focused on a large scale (several kilometres), analysing low frequency seismic waves in order 

to detect locations and mechanisms of earthquakes. On the other hand, the acoustic emissions 

(AE) and microseismic (MS) methods are used to investigate high frequency, low energy 

seismic events associated with sudden inelastic deformation caused by abrupt movement of 

existing or newly developed fractures (Gibowicz and Kijko 1994; Mendecki 1997; Cai et al. 

2007a). 

 

 

Figure 2.1 Frequency ranges and approximate seismic energy of different classes of seismicity in geosciences 
(Wesseloo et al. 2009, modified from Manthei 2000) 

 

Both AE and MS have found many uses over the years in the geotechnical field (Xiao et al. 

2016). Examples of applications are reported for rockburst risk assessment (Alcott et al. 1998; 

Milev et al. 2001; Van Aswegen et al. 2005; Leśniak and Isakow 2009; Kwiatek et al. 2011), 

caving monitoring (Duplancic and Brady 1999; Trifu et al. 2002; Hudyma et al. 2008; Dixon et 

al. 2010), rock slope monitoring (Lynch et al. 2005; Spillmann et al. 2007; Wesseloo and Sweby 

2008; Amitrano et al. 2010), laboratory tests (Lockner 1993; Manthei 2005; Graham et al. 

2010; Kwiatek et al. 2014), and the oil and gas field (Maxwell and Urbancic 2001; Fischer et al. 

2008; Maxwell et al. 2010). 
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Microseismic monitoring was initially developed for underground mines in order to better 

understand rockbursting phenomena and rock mass failure (Gane et al. 1946; Cook 1963; 

McCreary et al. 1991). For many mines, the main objectives for the installation of a 

microseismic system in an underground mine are seismic hazard awareness and seismic source 

mechanisms (Gibowicz and Kijko 1994; Mendecki 1997; Leśniak and Isakow 2009; Durrheim 

2010). The analysis of seismic data can help to identify areas of the mines more prone to large 

seismic events. Therefore, microseismic monitoring can be used to manage the safety risk for 

the personnel involved and minimise production delays (Heal et al. 2006; Potvin 2009). 

Moreover, seismic data can provide useful information on the rock mass failure mode and the 

condition that led to a seismic event (e.g. stress conditions, and the geological and mining 

influences) (Cai et al. 2001; Martino and Chandler 2004; Hudyma 2008). 

Mendecki et al. (2010) suggest that an underground mine should install a microseismic system 

to monitor seismicity with the following objectives in mind: 

 

• Rescue: to detect and locate potentially damaging events, alert management and to 

help in eventual rescue operations; 

• Prevention: to use seismic parameters as a continuous input to confirm and correct 

assumptions made in the design of the mine; 

• Seismic hazard rating: to quantify the seismic hazard for use in mitigating seismic risk; 

• Alerts: to detect strong changes in seismic spatial and temporal behaviour that might 

indicate rock mass instability; 

• Back analysis: to improve the understanding of the rock mass behaviour with the aim 

of optimising both the design and monitoring system; 

 

Despite the initial and most widely used of microseismic monitoring in underground mines, in 

the last decade there have been several attempts to undertake routine real-time microseismic 

monitoring in both natural and mined slopes. As reported by Wesseloo and Sweby (2008) the 

main application of the technique was to identify early signs of slope instability development. 

The general idea was that as seismicity can be recorded at low/infinitesimal strain, strain near 

damage could be detected before surface deformation would eventually be observed. 

The first part of this chapter will give the reader a general overview on how a microseismic 

monitoring technique works and will introduce some of the concepts and terminology later 

used in this thesis. The second part of the chapter contains a detailed discussion, with an 
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update on the most recent case studies on microseismic monitoring for natural rock slope and 

open pit mines. The aim of this section is to highlight the current gaps in knowledge and the 

need for the current research. This will be summarised in the last part of this chapter. 

 

 

2.2  Wave propagation in geological media 

2.2.1 Seismic waves 

The waves that can propagate through geological media are generally divided into two main 

classes: body waves and surface waves (Shearer 2009; Stein and Wysession 2009). The first 

group can be considered as ‘free waves’ as they have the freedom to travel in every direction 

though the interior of the earth. On the other hand, the second class can propagate over the 

surface of the medium and only penetrate to a minor extent into the interior of the body. 

Body waves are the most import for microseismic monitoring as they are used to locate 

seismic events and determine source parameters and mechanisms. They can be further 

subdivided into P-waves and S-waves (Figure 2.2). 

 

 

Figure 2.2 Elastic deformation and ground particle motion associated with the passage of P-waves and S-waves 
(modified from Stein and Wysession 2009) 
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P-waves are generated by the propagation of tensile and compressive stresses created by a 

seismic event. Particle motion is parallel to the direction of wave movement. The P-waves 

acronym stands for ‘primary’ as normally the velocity of these waves is greater than S-waves. 

In an infinite, homogeneous, isotropic, and elastic medium the P-wave velocity is: 

 

𝑉𝑉𝑝𝑝 =  �
(1 − 𝜐𝜐)𝑆𝑆

(1 + 𝜐𝜐)(1 − 2𝜐𝜐)𝜌𝜌
=  �

𝑘𝑘 + 4
3𝐺𝐺
𝜌𝜌

        (2.1) 

 

where 

𝜐𝜐 = 𝑃𝑃𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐′𝑐𝑐 𝑝𝑝𝑝𝑝𝑣𝑣𝑝𝑝𝑐𝑐 

𝑆𝑆 = 𝑌𝑌𝑐𝑐𝑏𝑏𝑐𝑐𝑟𝑟′𝑐𝑐 𝑝𝑝𝑐𝑐𝑠𝑠𝑏𝑏𝑐𝑐𝑏𝑏𝑐𝑐 

𝜌𝜌 = 𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑣𝑣𝑝𝑝 

𝑘𝑘 = 𝑏𝑏𝑏𝑏𝑐𝑐𝑘𝑘 𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑣𝑣𝑝𝑝 

𝐺𝐺 = 𝑝𝑝𝑝𝑝𝑟𝑟𝑝𝑝𝑠𝑠𝑝𝑝𝑣𝑣𝑝𝑝 𝑝𝑝𝑐𝑐𝑠𝑠𝑏𝑏𝑐𝑐𝑏𝑏𝑐𝑐 

 

S-waves (secondary waves) are generated by shear stresses induced by a seismic event and 

particle motion is perpendicular to the direction of wave propagation. These waves cannot 

propagate in liquids or gases as they have no shear strength. In an infinite, homogeneous, 

isotropic, and elastic medium the S-wave velocity is: 

 

𝑉𝑉𝑠𝑠 =  �
𝑆𝑆

2(1 + 𝜐𝜐)𝜎𝜎
=  �

𝐺𝐺
𝜌𝜌

        (2.2) 

 

In general the propagation velocity depends upon the material and geometric properties of 

the medium. Determination of seismic velocities is of the utmost importance in mine 

seismology as they take part in the determination of the location of seismic events and source 

parameters. More details about this topic will be given in the following paragraphs. 
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2.2.2 Propagation of seismic waves 

All the factors expressed above considered the most simplistic way seismic waves propagate 

though a geological media (Joughin 1999; Xiao et al. 2016). When a wave propagates from an 

origin point, a wavefront can be defined by all the points reached by the seismic wave at the 

same time. In the case of a homogeneous, isotropic media, the wavefronts can be imagined as 

a set of concentric spheres with the centre at the seismic event (Figure 2.3). At the same time 

a ray path can be defined as the direction in which the energy propagates normal to the 

wavefront. 

 

 

Figure 2.3 Propagation of seismic waves in homogeneous isotropic media (Joughin, 1999) 

 

However, when dealing with geological media, the reality is much more complex as velocities 

may not be homogeneous and isotropic around the monitored area. When body waves 

propagate though a boundary between two media with different velocities, part of the wave 

will be reflected, and part will be refracted. 

Suppose there are two media with seismic velocities V1 and V2. As shown in Figure 2.4, part of 

the seismic energy will keep travelling in the medium with velocity V1. In this case the angle 

between the incidence ray and the normal, and the reflect ray and the normal are the same (α1 

= α2). 
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The rest of the seismic energy will instead propagate through the medium with velocity V2. The 

refraction phenomenon is defined by Snell’s law: 

 

sin𝛼𝛼1
sin𝛼𝛼2

=
𝑉𝑉1
𝑉𝑉2

        (2.3) 

 

where  

𝛼𝛼1 = 𝑝𝑝𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐 𝑐𝑐𝑜𝑜 𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

𝛼𝛼2 = 𝑝𝑝𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐 𝑐𝑐𝑜𝑜 𝑝𝑝𝑐𝑐𝑜𝑜𝑝𝑝𝑝𝑝𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐 

𝑉𝑉1 𝑝𝑝𝑐𝑐𝑠𝑠 𝑉𝑉2 = 𝑤𝑤𝑝𝑝𝑤𝑤𝑐𝑐 𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐 𝑐𝑐𝑜𝑜 𝑣𝑣ℎ𝑐𝑐 𝑝𝑝𝑐𝑐𝑠𝑠𝑝𝑝𝑝𝑝 

If the V2 is greater than V1, the angle α2 will increase; otherwise it will tend to become much 

closer to the normal of the surface. 

 

 

Figure 2.4 Schematic representation of the relation between incidence ray and reflected and refracted rays 
(modified from Shearer 2009) 

 

As seismic velocity plays an important role in the determination of the location of seismic 

events it therefore becomes fundamental to have a correct/representative velocity model. 

When no other information is available Equations 2.1 and 2.2 can be used to determine the 

seismic velocities of P and S-waves. However, in the majority of the mining and civil 

applications, field measurements are needed. In mining, it is routine to perform seismic 



Chapter 2 – Literature Review 
 

 

14 
 

calibrations using production blasts. In civil applications, velocities are more commonly 

obtained from borehole sonic logs or seismic tomography lines with surface active sources 

(e.g. hammer or small explosive charges). As discussed in the following paragraphs, in the case 

of microseismic application in mining and rock slope stability, there are several factors that can 

affect the seismic velocities. 

 

 

2.2.3 Factors affecting seismic velocities 

2.2.3.1 Lithological variations 

The monitored area can be characterised by different rock types with different densities and 

therefore seismic velocities (Table 2.1). Mendecki (1997) reported that for underground mines 

P-wave velocities can range between 6,500 m/s for hard rock and 3,000 m/s for soft rock. On 

the other hand S-wave velocities vary from 3700 m/s to 2000 m/s. In general, it can be 

assumed that similar rock types must a have a faster velocity with depth, as the confinement is 

increasing. However, not so different velocity ranges were found in case studies for open pit 

and natural slopes (Hudyma et al. 2003; Chen et al. 2005; Lynch et al. 2005), where the 

confinement near surface is low. 

 

Table 2.1 P-wave and S-wave velocity ranges for different lithologies (Bourbié et al. 1987) 

Rock type P-wave 
velocity (m/s) 

S-wave 
velocity (m/s) 

Density 

 (g/cm3) 

Limestone 3,500-6,000 2,000-3,300 2.4-2.7 

Shale 2,100-3,750 1,200-2,500 2.1-2.4 

Marl 2,000-3,000 750-1,500 2.1-2.6 

Dolomite 3,500-6,500 1,900-3,600 2.5-2.9 

Granite 4,500-6,000 2,500-3,300 2.5-2.7 

Basalt 5,000-6,000 2,800-3,400 2.7-3.1 

Gneiss 4,400-5,200 2,500-3,300 2.5-2.7 
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2.2.3.2 Rock mass fracturing 

Another important factor that can affect seismic velocities in slopes is represented by the 

difference in rock mass characteristics. Rock mass can include fractured/broken or weathered 

rock zones characterised by a reduction of seismic velocities. A typical example for the 

influence of fracturing in underground mining is represented by the cave mining mechanism 

(Duplancic and Brady 1999) (Figure 2.5). 

In this type of environment the progressive development of the caving can cause a reduction 

of seismic velocities (Lynch and Lotter 2007; Pfitzner et al. 2010). In fact, the process brings to 

the formation of three velocities zones: the caved zone, the fracture zone and the intact rock 

zone. Boadu and Long (1996) reported that while P-waves are not significantly affected, 

S-waves can be reduced up to 10% in the fracture zone. Similar results are described by Lynch 

and Lotter (2007), with P-waves for the seismogenic zone identical and S-waves 10% less than 

in the intact zone. However, the same authors recognised a difference of almost 90% for the 

inner (caved) volume for both seismic waves. 

 

 
Figure 2.5 Schematic representation of the seismogenic zone typical of cave mining (Duplancic and Brady 1999) 

 

A similar effect has also been reported in the case study of natural rock slope instabilities 

(Figure 2.6). Roth and Blikra (2009) in their work on an unstable rock slope at Aaknes, Norway 

mentioned how seismic velocities determined though surface calibration blasts can change by 
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a factor of two or three between the sliding surface and the bedrock. Sonic logs conducted by 

Ganerød et al. (2008) on the same slope indicated how at least four seismic velocities zones 

could be identified, with P-wave velocities varying between 350 m/s within 30 m from the 

surface up to 5,500 m/s in the intact bedrock. Other examples are also reported in Brückl and 

Brückl (2006) and Spillmann et al. (2007). In both cases a reduction up to five times in the 

P-wave seismic velocity was observed. 

It is also important to highlight how the presence of a highly fractured rock mass not only can 

affect seismic velocity, but also the ability to record events in these areas. An example often 

reported in caving mining is the presence of aseismic zones in the volume of fractured rock 

(Duplancic and Brady 1999; Trifu et al. 2002; Brown 2003; Glazer 2007). The presence of 

aseismic zones or volumes where the rock is so fractured that is not able to produce any 

seismic events are also reported in the case study of Randa rockslides (Spillmann et al. 2007) 

(see paragraph 2.4.2 for further details). 

 

 

Figure 2.6 Seismic profile of P-waves for Gradenbach slope, Austria (Brückl and Brückl 2006) 

 

 

2.2.3.3 Effect of voids/slope geometry 

As the typical speed of P-waves in the air is approximately 340 m/s, the waves will tend to 

bend around the opening and they will propagate though the fastest path in the rock (Trifu 

and Shumila 2010). This effect is particularly important for caving mine and open pit mines 

(Figure 2.7).  



Chapter 2 – Literature Review 
 

 

17 
 

In fact, in both cases the assumption of a straight ray path can be erroneous due to the void 

volume caused by the excavation. Trifu and Shumila (2010) reported that this effect can be 

taken into account constructing a 3D velocity model assigning different velocities for the rock 

mass and the air. However, this approach doesn’t take into account the fact that in a pit 

environment free surfaces caused strong reflections resulting in P to S-wave conversion and 

surface waves (Lynch et al. 2005; Havskov and Ottemoller 2010). Therefore, assuming that P 

and S-waves simply bend around the opening can be erroneous. In fact, the order of arrival (P 

and S-waves) can be totally different. For example, P-waves can be converted to S-waves or 

body waves travelling along the surface could arrive before the P and S-waves. 

 

 
Figure 2.7 Example of ray path bending related to the effect of void for block caving (above) and open pit mines 
(below) (Trifu & Shumila 2010) 
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2.2.3.4 Seismic anisotropy 

With seismic anisotropy, a variation in the propagation or polarisation of seismic waves with 

the direction is observed (Mendecki 1997). As such the wavefront is elliptical. In general the 

three main causes for seismic anisotropy in rocks are fabric, presence of joints/faults and 

interbedding (Barton 2007; Barton and Quadros 2015). 

The first class is the most common and can be found in sedimentary rocks which exhibit a 

strong foliation, such as slate or shale. Several authors (Duellmann and Heitfeld 1978; 

Ramamurthy 1993; Saroglou et al. 2004) have found how seismic velocities measured parallel 

to the foliation and perpendicular can change considerably. This is shown in Figure 2.8 from 

the experiment conducted by Saroglou et al. (2004) on gneissic rocks from slope cuts and 

tunnel portals of the Egnatia Highway, Veroia-Polymylos Section in Northern Greece. Both 

seismic velocities tend to be approximately 40% higher parallel to the foliation compared to 

normal to the foliation. 

 

 
Figure 2.8 Example of variation of P-wave and S-wave velocity with the bedding orientation (Saroglou et al. 2004) 
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Tsidzi (1997) proposed a velocity anisotropic index (VA) based on laboratory tests conducted 

on metamorphic rocks, which can be derived by the following equation: 

 

𝑉𝑉𝑉𝑉 (%) =  
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑉𝑉𝑚𝑚𝑖𝑖𝑐𝑐

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐
       (2.4) 

 

where Vmax, Vmin and Vmean are the maximum, minimum and mean ultrasonic wave velocities. 

The classification based on this index is shown in Table 2.2. Based on these tests the author 

found that the degree of anisotropy can vary from 2-6% for fairly anisotropic rock and up to 

40% for highly anisotropic rocks. 

 

Table 2.2 Anisotropy classification according to ultrasonic wave velocity (Tsidzi 1997) 

Degree of velocity 
anisotropy VA (%) Descriptive term 

<2 Isotropic 

2-6 Fairly anisotropic 

6-20 Moderately anisotropic 

20-40 Highly anisotropic 

>40 Very highly anisotropic 

 

A more recent classification has also been proposed by Saroglou and Tsiambaos (2007), which 

introduced the velocity anisotropic index (IVP) expressed as the ratio between the velocity of P 

waves parallel (VP0°) to the foliation and perpendicular to the foliation (VP90°). Based on this 

classification the ratio varies from less than 1.5 for fairly anisotropic rocks to more than 2 for 

highly anisotropic rocks. 

 

 

2.3 Microseismic monitoring 

2.3.1 Component of a microseismic system 

The seismic array usually comprises four main components: sensors, seismometers, 

multiplexer and the central site (Figure 2.9) (Joughin 1999; Trnkoczy et al. 2002; Xiao et al. 
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2016). Sensors capture the movements caused by seismic waves travelling in the surrounding 

rocks and convert them into an electrical signal. There are normally two classes of sensors: 

geophones and accelerometers. Detailed descriptions of the type of sensors and frequency 

ranges in which they are recording will be given in the next paragraph (2.3.2 Sensors and 

frequency range). 

 

  

Figure 2.9 Typical configuration of a microseismic system (modified from Trnkoczy 2002) 

 

The signal detected by the sensors is then transmitted through a copper pair cable to a 

seismometer, which records and converts it from analogue to digital. The length of the cable 

varies normally between 250-1,000 m and the seismometers are normally located within a 

protective housing in a location central to the array. The signal is normally sampled at a 

specific rate (usually 6 kHz) and converted into a seismogram, representing the displacement 

or peak particle velocity versus time (Figure 2.10). An array usually comprises multiple 

seismometers, each with two to six sensors connected to them. The time is kept and regularly 

updated though a clock normally synchronised using a global position system (GPS) timing. An 

array usually comprises multiple seismometers, each with two to six sensors connected to 

them. 
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Figure 2.10 Typical seismogram recorded from a microseismic system with the picking arrival of P and S-waves. 
Seismic event recorded at Century Mine 

 

There are essentially two types of recording modes. In the first one, called continuous mode, 

all the data are transmitted via fibre optic or Wi-Fi communication to a multiplexer. This is 

used for condensing the data from a number of stations in the network onto one single 

communication link, before being sent to a central site to be stored and analysed. This type of 

recording is normally uncommon in most mining operations. The main reason is that until 

recently the capacity of transfer, storage and processing of a large amount of data was limited. 

Moreover, as traditionally microseismic monitoring was developed for underground mine 

monitoring, the focus has been in providing processed data in a short timeframe early warning 

to personnel involved in the operations. 

Therefore, in mining seismic data are normally recorded in triggered mode. In this case, a 

triggered algorithm is used and the seismograms are only recorded when the signal to noise 

ratio (SRN) exceeds a certain limit. Commonly, the most used triggering algorithm is the 

STA/LTA. The STA is the average of the amplitude over a short time window, while LTA is the 

average over a long time window. When the STA/LTA exceeds a certain value (the trigger 

threshold level), the time is registered as the beginning of an event. When the STA/LTA 

reaches a value below detrigger threshold level, the time is registered as the end of an event 

(Trnkoczy 2002). Another common practice, especially in mining, is to only record the 

seismograms from sensors that exceed the trigger threshold rather that from the entire array. 

The trigger mode approach has the biggest advantage to limit the size of the data to be 

analysed and processed. Moreover, it avoids problems with seismic spikes related to 

mechanical and operational noise. However, if the threshold is not properly calibrated for each 

specific site, important information can go missing and never be recovered (Trnkoczy 2002). 
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2.3.2 Sensor type 

Sensors are normally installed into boreholes and grouted in order to guarantee a strong 

coupling between the sensors and the rock mass. In some cases, sensors can be installed 

directly on the wall of the tunnels or on the surface of the slope. However, this approach 

doesn’t give the same quality of coupling with the rock mass, especially in the case of slope 

stability monitoring as the surface can be affected by weathering and/or rock damage. This can 

compromise the quality of the seismic signal, due to the strong attenuation in 

fractured/weathered ground. 

In the case of rock slope stability, normally the best approach is to install the sensors in 

boreholes. For open pits, the standard approach is to drill vertical holes as close as possible to 

the volume to monitor, as the access to the slope surface is often constrained by operational 

and safety issues (Lynch et al. 2005; Wesseloo and Sweby 2008). For natural slopes, the 

installation of the sensors into short boreholes drilled from the surface into the instable rock 

mass is more common (Spillmann et al. 2007; Roth and Blikra 2009). However, in some cases 

surface mounted geophones have been preferred, due to the cost of drilling and/or the 

possibility for the connection cable to be sheared off in case of large displacements (Chen et al. 

2005; Brückl et al. 2013). 

The most common sensors used in microseismic monitoring are geophones and 

accelerometers (Wielandt 2002). The first class is constituted by a coil and a magnet 

surrounding an inertial mass. The coil and magnet are used to detect the motion produced by 

the inertial mass, generating an electrical output which is proportional to the velocity. 

Accelerometers instead are made of piezoelectric materials, which produce an electrical 

charge in response to mechanical strain. In this case the potential difference in voltage is 

proportional to the acceleration. 

Both accelerometers and geophones can be either uniaxial or triaxial. In the first case, the 

instrument can only measure ground motion along one direction, normally oriented along the 

borehole axis. Triaxial sensors are instead made using three sensors mounted together, 

orthogonal to each other in order to have a measurement along three axes. Uniaxial sensors 

can be used to determine seismic event location, while triaxial are necessary for the correct 

calculation of source parameters. 

Another important advantage of triaxial sensors is that if their orientation is accurately 

estimated during the installation, particle motion or polarisation of the wave analysis can be 

carried out (Plesinger et al. 1986). The process involves the rotation of all three components as 
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if the axes of the sensor were aligned with the P-wave particle motion, and the S-wave motion 

in its vertical (SV) and horizontal (SH) components (Oye and Roth 2003; Havskov and 

Ottemoller 2010) (Figure 2.11). This process can be useful for two main reasons: the first one is 

that the direction of the incoming wavefield (azimuth and angle of incidence) at each sensor 

can be used as input in the location algorithm (Mendecki 1997; Meyer 2015b). The second one 

is that the rotated signal ideally contains only P, SV and SH phases, allowing a most accurate 

picking (Oye and Roth 2003). 

 

 

Figure 2.11 Example of seismogram for triaxial sensor of a seismic event recorded at Century Mine; the above 

figure represents the seismic wave as recorded by the sensor (North East Down coordinates), while below as 

rotated according to P, SV and SH particle motion; the circle indicates the direction of arrival of the seismic wave 

(in this case P) to the sensor 
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2.3.3 Sensor frequency ranges and sensor choice 

The selection of type of instruments is a function of the frequency and amplitude ranges to be 

recorded. This depends on the magnitude range and distance from the sensors and seismic 

event. In an underground mine’s environment the range of moment magnitude (Mw) of 

interest varies between Mw = 3/5 for the largest events down to Mw = -4/-3 for smallest events 

(Mendecki 1997). Moment magnitude is defined by (Hanks and Kanamori 1979) as: 

 

𝑀𝑀𝑤𝑤 =
2
3

log𝑀𝑀− 6 . 1        (2.5) 

 

 

where 

𝑀𝑀 = 𝑀𝑀𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣 (𝑆𝑆𝑝𝑝)  

 

In order to accurately calculate the seismic moment for these ranges, it is first of all important 

to obtain an estimation of the corner frequency (fc). Corner frequency defines the dominant 

frequency of the event signal and it is normally determined in the frequency domain at the 

intersection between the low frequency and high frequency plateau (Figure 2.12) (Hedley 

1992). Seismic moment and corner frequency are related by the following equation (Gibowicz 

and Kijko 1994): 

 

𝑜𝑜c =
𝐾𝐾𝑉𝑉𝑠𝑠
2𝜋𝜋

�16∆𝜎𝜎
7𝑀𝑀

3
        (2.6) 

 

where 

𝐾𝐾 =  𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑣𝑣 𝑜𝑜𝑐𝑐𝑝𝑝 𝑣𝑣ℎ𝑐𝑐 𝐵𝐵𝑝𝑝𝑏𝑏𝑐𝑐𝑐𝑐 𝑝𝑝𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐 (𝑝𝑝𝑐𝑐𝑐𝑐𝑏𝑏𝑝𝑝𝑐𝑐𝑠𝑠 2.34) 

𝑉𝑉𝑠𝑠 =  𝑆𝑆 − 𝑤𝑤𝑝𝑝𝑤𝑤𝑐𝑐 𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑣𝑣𝑝𝑝 (𝑝𝑝/𝑐𝑐)  

∆𝜎𝜎 = 𝑆𝑆𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑝𝑝𝑐𝑐𝑝𝑝 (𝑃𝑃𝑝𝑝)  

𝑀𝑀 = 𝑀𝑀𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣 (𝑆𝑆𝑝𝑝) 
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Figure 2.12 Low frequency plateau (Ωo) and corner frequency (fc) for a typical seismic event (modified from 
Hedley 1992) 

 

Mendecki (1997) suggested that the frequency of the sensors should be at least half of the 

corner frequency to accurately capture the low frequency plateau and correctly determine the 

seismic moment. 

Moreover, Mendecki suggested a simple chart for the preliminary design of a microseismic 

array, based on Equation 2.6 (Figure 2.13). Each line in the graph represents the relationship 

between the corner frequency and moment magnitude, for a specific stress drop. The 

boundaries of each line are a function of the S-wave velocity ranges (assumed 3,700 m/s for 

hard rock and 2,000 m/s for soft rock). Therefore, given the moment ranges, S-wave velocity 

and stress drop expected for certain underground mine or rock slopes, one can estimate the 

relative corner frequency ranges and then decide the best sensor frequency band to adopt. 

As an example, if the expected moment magnitude for a site is between 2 and -3, assuming a 

static stress drop of 1 MPa and in hard rock, the estimated S-corner frequency will be between 

10 and 4,000 Hz. That means that in order to accurately detect these magnitude ranges the 

sensors installed should have a frequency range between 5Hz and 2,000Hz. In most 

underground operations the range varies between 4.5/28 Hz for the lowest limit and up to 

2,000 Hz for the upper. In many cases for strong events (MW > 2), mine sites rely on a regional 

seismic network as source parameters detected by the mine seismic network are strongly 

underestimated. Wesseloo et al. (2009) and Salvoni et al. (2016) suggested in open pit mines a 
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stress drop of between 0.01 and 0.1 MPa should be used as a guideline. This means that to 

accurately estimate the moment for an event with Mw > 0.5 even employing 4.5 Hz geophones 

may cause underestimation of the moment. 

 

 

Figure 2.13 Relation between moment magnitude, S-wave corner frequency, source radius and static stress drop 
(Mendecki 2013) 

 

In regards to the choice between geophones and accelerometers Lynch et al. (2005) in their 

case studies in open pits reported how in general geophones should be preferred to 

accelerometers. They found that in general geophones are more sensitive in the frequency 

range typical for slope seismic events (10-400 Hz) and seem more reliable. 

In Sweby et al. (2006) and Wesseloo et al. (2009) a comparison between the performances of 

both instruments during a three-month trial for the microseismic monitoring at Mount Keith is 

discussed. The main findings are the following: 
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• Geophones appear to be more robust and reliable than accelerometers, as the latter 

one required a constant current supply and modulated voltage to produce an output; 

• Accelerometers are more sensitive to high frequencies. As these frequencies tend to 

attenuate faster, these instruments performed better at a shorter distance. This 

required a larger proximity to the damaged area and can increase the likelihood of 

damaging the sensors. Moreover, accelerometers are more susceptible to high 

frequency noise; 

• Geophones are more sensitive to lower frequencies, which attenuate slower with 

distance and make them more suitable for detecting larger events from distance. 

However, in the case study the lower upper limit for the geophones was only 1,000 Hz, 

causing source parameter underestimation for events with MW less than -1. The 

authors suggested that as frequency ranges for different sensor types are far more 

important than the sensor type itself, geophones with a lower upper limit of 2,000 Hz 

will achieve the same performance as the accelerometers used in the study; 

• Seismic events were located using only geophones, while with accelerometers this 

could not be possible. 

 

There has been recent interest in the use of AE sensors. As mentioned in the introduction 

these sensors have been commonly used at laboratory scale to determine the fracturing 

process in rocks (Sellers et al. 2003; Manthei 2005; Kwiatek et al. 2014) or concrete samples 

and civil structures (Schumacher et al. 2009; Linzer et al. 2015). However, few examples are 

available on the use of AE sensors for the monitoring of underground seismicity (Yamada et al. 

2007; Kwiatek et al. 2011) and slopes (Amitrano et al. 2005; Dixon et al. 2012). One of the 

biggest advantages is the sensitivity, with the possibility to record smaller events compared 

with geophones and accelerometers. 

However, the major challenge still remains the calibration of source parameters. For example, 

in the case study of Mponeng gold mine, this was achieved using the available accelerometers 

nearby (Kwiatek et al. 2011). Using this method, the authors were able to record events with 

Mw up to -4.1. However, despite more and more authors finding self-similarity between source 

parameters with scale (Sellers et al. 2003), there is still some debate in the seismology 

community. 
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2.3.4 Seismic event location 

Most of the approaches to determine seismic location applied in microseismic monitoring 

were originally developed for earthquake seismology. Detailed discussion of the different 

methods is beyond the scope of this thesis and are discussed in Gibowicz and Kijko (1994), 

Mendecki (1997) and Havskov and Ottemoller (2010). These techniques are generally based on 

solving a series of non-linear equations, employing either Simplex techniques (Gendzwill and 

Prugger 1985), Least Squares techniques (Eccles and Ryder 1985) or Geiger’s iterative process 

(Geiger 1912; Lee and Stewart 1981). All these methods rely on the relative arrival time at each 

sensor of P and S-wave and an estimate of seismic velocities. The basic concept is to draw a 

sphere around each sensor, which eventually touches in a point, or more realistically overlap 

defining a volume (Figure 2.14). The essential aspect of all these methods is to minimise the 

error between the observed and calculated arrival times, converging to a solution and reducing 

the overlap volume (location error) (Gibowicz and Kijko 1994; Mendecki et al. 1999; Trnkoczy 

et al. 2002). 

 

 

Figure 2.14 Schematic concept of seismic event location in 2D (modified from Trnkoczy et al. 2002) 

 

It is important to highlight that the term ‘location error’ can be misleading as it is not an 

indicator of the actual error between the ‘real’ event location and the calculated one (Havskov 

and Ottemoller 2010). In fact, the value is based on the residual (ri) defined as the difference 
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between the observed arrival time at the sensor and the theoretical (calculated) one. The time 

residual from different sensors are then averaged and multiplied by the seismic velocity to give 

a ‘location error’ expressed in metres. Therefore, the location error is a measurement of how 

good the seismic model fits in the observations. However, several factors such as 

heterogeneities, anisotropy, void, rock mass fracturing, and pit geometry can play an 

important role in the difference of the theoretical and observed time difference (Gibowicz and 

Kijko 1994; Mendecki 1997). 

Other much more complex methods try to introduce probabilistic approaches in the location 

estimation (Lomax et al. 2000; Sambridge and Mosegaard 2002; Myers et al. 2009). In general 

the Markov Chain Monte Carlo (MCMC) technique is used to take into account uncertainties in 

the P and S-wave arrival and velocity models (Martinsson 2012). In these cases, the events are 

not represented by a single point anymore, but by a series of probability density function (PDF) 

scatter clouds, where the density is a function of the probabilities. This type of approach is 

rarely used due the high computational resources required. Examples are presented in 

Martinsson (2012) for Kiruna and Malmberget (Sweden) underground mines. Spillmann et al. 

(2007) and Brückl et al. (2013) discussed this approach for rock slope case studies in 

Switzerland and Austria (Figure 2.15). As shown in Figure 2.15 the maximum likelihood location 

is still corresponding to the minimum residual. However, a scatter point cloud is used to 

represent the uncertainties in the locations. 

 

 

Figure 2.15 An example of the application of the PDF approach for seismic event location deployed at Randa 
Landslide (Switzerland). In this case the location is represented by a scatter point cloud, with the star symbol in 
correspondence of the maximum likelihood location (Spillmann et al. 2007) 
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2.3.5 Picking of P and S-waves 

In Section 2.3.1, the concept of STA/LTA was introduced as a common practice in seismology 

to detect and record events out of a continuous signal. However, the technique is also 

commonly applied for the automatic picking of P and S-waves (Allen 1978; Baer and Kradolfer 

1987; Earle and Shearer 1994; Withers et al. 1998). The methodology is particularly popular in 

real-time mine seismology as not requiring high computation resources and can provide fast 

processing for a large dataset of data (Akram and Eaton 2016). As previously mentioned STA 

can help to detect rapid fluctuations of the amplitude signal in time, while the LTA gives 

information on the background noise (Trnkoczy 2002; Oye and Roth 2003). Therefore, once the 

SNR is accurately calibrated and seismograms are rotated into ray-centre coordinates, 

reasonable quality results for P and S-wave picking can be achieved (Allen 1978; Trnkoczy 

2002; Akram and Eaton 2016). 

However, all these authors mentioned how attention should be given to the setting of STA and 

LTA window. In fact, if the STA is selected too short, the seismic data will tend to the averaged, 

making it more susceptible to noise-signal fluctuations. On the other hand if the STA is too 

long, it will tend to miss events that are closely spaced. Allen (1978) and Trnkoczy (2002) 

recommended that the STA window should be 2-3 times the dominant frequency of the signal 

and STA/LTA should be chosen between five and 10. 

 

2.3.6 Seismic source parameters 

Other than location and timing, microseismic data analysis can provide some useful source 

parameters, describing the strength and the type of mechanisms involved in the fracturing 

process. These parameters are normally calculated in the frequency domain, using a fast 

Fourier transform (FFT) (Spottiswoode and McGarr 1975; Gibowicz et al. 1977; Hinzen 1982). 

Estimation of seismic source parameters are mainly derived by theoretical models developed 

in earthquake seismology (Brune 1970; Madariaga 1976). Brune’s model is the most commonly 

used and it is based on the assumption that earthquake dislocation can be modelled as circular 

dislocation along which a tangential stress pulse is applied instantaneously. The surface is 

considered smooth and the fault propagation effect neglected. There are many indices 

available in mine seismology. In the following paragraph, a brief overview of the most 

significant will be provided. 
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2.3.6.1 Seismic energy 

Radiated seismic energy is the energy released at the source of a seismic event that is radiated 

as seismic waves. Boatwright and Fletcher (1984) determined the following relationship 

between the energy radiated in the P or S-waves and the energy flux (Jc) contained in the P or 

S-wave arrivals: 

 

𝑆𝑆𝑡𝑡𝑜𝑜𝑡𝑡 = 4𝜋𝜋𝜌𝜌𝑉𝑉𝑝𝑝2�𝐼𝐼𝑖𝑖

𝑐𝑐

𝑖𝑖=1

  , 𝑚𝑚 = 1, …𝑝𝑝     (2.7)  

 

where 

𝜌𝜌 =  density in kg/m3 of the rock at the source  

𝑝𝑝 =  𝑠𝑠𝑝𝑝𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑐𝑐 𝑝𝑝𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐 𝑜𝑜𝑝𝑝𝑐𝑐𝑝𝑝 𝑣𝑣ℎ𝑐𝑐 𝑐𝑐𝑐𝑐𝑏𝑏𝑝𝑝𝑐𝑐𝑐𝑐 𝑣𝑣𝑐𝑐 𝑣𝑣ℎ𝑐𝑐 𝑟𝑟𝑐𝑐𝑐𝑐𝑝𝑝ℎ𝑐𝑐𝑐𝑐𝑐𝑐 (𝑚𝑚) 

𝑉𝑉 = 𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐 𝑤𝑤𝑝𝑝𝑤𝑤𝑐𝑐 𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑣𝑣𝑝𝑝 (𝑝𝑝/𝑐𝑐) 

 𝐼𝐼 =  𝑝𝑝𝑐𝑐𝑣𝑣𝑐𝑐𝑟𝑟𝑝𝑝𝑝𝑝𝑐𝑐 𝑐𝑐𝑜𝑜 𝑐𝑐𝑓𝑓𝑏𝑏𝑝𝑝𝑝𝑝𝑐𝑐𝑠𝑠 𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑣𝑣𝑝𝑝 𝑜𝑜𝑐𝑐𝑝𝑝 𝑝𝑝 𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑝𝑝𝑐𝑐𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝 (𝑝𝑝2/𝑐𝑐2/𝑆𝑆𝑇𝑇) 

𝑝𝑝 =  𝑐𝑐𝑏𝑏𝑝𝑝𝑏𝑏𝑐𝑐𝑝𝑝 𝑐𝑐𝑜𝑜 𝑟𝑟𝑐𝑐𝑐𝑐𝑝𝑝ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

𝑐𝑐 =  𝑐𝑐𝑏𝑏𝑝𝑝𝑏𝑏𝑐𝑐𝑝𝑝 𝑐𝑐𝑜𝑜 𝑟𝑟𝑐𝑐𝑐𝑐𝑝𝑝ℎ𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑐𝑐 

 

If a triaxial geophone is calculated, the parameters for I1, I2, and I3 represent the energy on 

the X, Y and Z components. The energy is expressed in units of Joules. The total radiated 

seismic energy (Et) is then calculated as the sum of that for the P-wave (Ep) and S-wave (Es) 

components of the waveform. 

 

𝑆𝑆𝑡𝑡 =  𝑆𝑆𝑝𝑝 + 𝑆𝑆𝑠𝑠        (2.8) 

 

 

2.3.6.2 Seismic moment 

Seismic moment is a scalar that measures the coseismic inelastic deformation at the source. 

Since seismic moment is proportional to the integral of the far field displacement pulse it can 

easily be derived from recorded waveforms. The expression to estimate seismic moment was 

derived by Hanks and Wyss (1972): 
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𝑀𝑀0 =
4𝜋𝜋𝜌𝜌0𝑐𝑐03𝑆𝑆Ω0
𝑃𝑃𝑐𝑐𝑆𝑆𝑐𝑐𝑆𝑆𝑐𝑐

        (2.9) 

where 

𝜌𝜌0 =  𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑣𝑣𝑝𝑝 𝑐𝑐𝑜𝑜 𝑐𝑐𝑐𝑐𝑏𝑏𝑝𝑝𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑣𝑣𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐 

𝑐𝑐0 =  𝑐𝑐𝑝𝑝𝑣𝑣ℎ𝑐𝑐𝑝𝑝 𝑃𝑃 − 𝑤𝑤𝑝𝑝𝑤𝑤𝑐𝑐 𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑣𝑣𝑝𝑝 𝑐𝑐𝑝𝑝 𝑣𝑣ℎ𝑐𝑐 𝑆𝑆 − 𝑤𝑤𝑝𝑝𝑤𝑤𝑐𝑐 𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑣𝑣𝑝𝑝 𝑝𝑝𝑣𝑣 𝑣𝑣ℎ𝑐𝑐 𝑐𝑐𝑐𝑐𝑏𝑏𝑝𝑝𝑐𝑐𝑐𝑐 

𝑆𝑆 =  𝑠𝑠𝑝𝑝𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 𝑏𝑏𝑐𝑐𝑣𝑣𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐 𝑣𝑣ℎ𝑐𝑐 𝑐𝑐𝑐𝑐𝑏𝑏𝑝𝑝𝑐𝑐𝑐𝑐 𝑝𝑝𝑐𝑐𝑠𝑠 𝑣𝑣ℎ𝑐𝑐 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑤𝑤𝑐𝑐𝑝𝑝  

𝑃𝑃𝑐𝑐 =  𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏𝑐𝑐𝑣𝑣𝑐𝑐 𝑜𝑜𝑐𝑐𝑝𝑝 𝑣𝑣ℎ𝑐𝑐 𝑝𝑝𝑝𝑝𝑠𝑠𝑝𝑝𝑝𝑝𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐 𝑐𝑐𝑜𝑜 𝑐𝑐𝑝𝑝𝑣𝑣ℎ𝑐𝑐𝑝𝑝 𝑃𝑃 𝑐𝑐𝑝𝑝 𝑆𝑆 𝑤𝑤𝑝𝑝𝑤𝑤𝑐𝑐𝑐𝑐  

𝑆𝑆𝑐𝑐 =  𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏𝑐𝑐𝑣𝑣𝑐𝑐 𝑜𝑜𝑐𝑐𝑝𝑝 𝑣𝑣ℎ𝑐𝑐 𝑜𝑜𝑝𝑝𝑐𝑐𝑐𝑐 − 𝑐𝑐𝑏𝑏𝑝𝑝𝑜𝑜𝑝𝑝𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝𝑜𝑜𝑝𝑝𝑐𝑐𝑝𝑝𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐 𝑜𝑜𝑐𝑐𝑝𝑝 𝑐𝑐𝑝𝑝𝑣𝑣ℎ𝑐𝑐𝑝𝑝 𝑃𝑃 𝑐𝑐𝑝𝑝 𝑆𝑆 𝑤𝑤𝑝𝑝𝑤𝑤𝑐𝑐𝑐𝑐 

𝑆𝑆𝑐𝑐 = 𝑐𝑐𝑝𝑝𝑣𝑣𝑐𝑐 𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐 𝑜𝑜𝑐𝑐𝑝𝑝 𝑐𝑐𝑝𝑝𝑣𝑣ℎ𝑐𝑐𝑝𝑝 𝑃𝑃 𝑐𝑐𝑝𝑝 𝑆𝑆 𝑤𝑤𝑝𝑝𝑤𝑤𝑐𝑐𝑐𝑐  

 

 

2.3.6.3 Source radius 

The source radius (ro) describes the size of the zone of rupture associated with a seismic event. 

Unlike previous parameters, source radius is strongly dependent of the source models used to 

estimate it. Gibowicz and Kijko (1994) suggested that the source radius is inversely 

proportional to the corner frequency (fc) and proposed the following equation: 

 

𝑝𝑝0 =
𝐾𝐾𝑐𝑐𝛽𝛽0
2𝜋𝜋𝑜𝑜𝑐𝑐

        (2.10) 

 

where 

𝛽𝛽0 =  𝑆𝑆 − 𝑤𝑤𝑝𝑝𝑤𝑤𝑐𝑐 𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑣𝑣𝑝𝑝 𝑝𝑝𝑐𝑐 𝑣𝑣ℎ𝑐𝑐 𝑝𝑝𝑏𝑏𝑝𝑝𝑣𝑣𝑏𝑏𝑝𝑝𝑐𝑐 𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝 

𝑜𝑜𝑐𝑐 = 𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝 𝑜𝑜𝑝𝑝𝑐𝑐𝑓𝑓𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 

𝐾𝐾𝑐𝑐 =  constant depending on the source model used;  

 

If Brune’s model (Brune 1970) is used, Kc values of 2.34 for S-waves and 1.97 for P-waves are 

adopted. For Madariaga (1976), Kc of 2.01 and 1.32 are recommended. 
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2.3.6.4 Stress drop  

Stress drop (Δσ) represents an estimate of the stress release at the seismic source. An average 

stress drop can then be calculated given the mean estimates of seismic moment (M0) and 

source radius (r0) (Brune 1970): 

 

∆𝜎𝜎 =
7

16
𝑀𝑀0

𝑝𝑝03
        (2.11) 

 

𝑀𝑀0 = 𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐 𝑝𝑝𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣  

𝑝𝑝0 = 𝑐𝑐𝑐𝑐𝑏𝑏𝑝𝑝𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑠𝑠𝑝𝑝𝑏𝑏𝑐𝑐 

 

 

2.3.7 Seismic source mechanisms 

2.3.7.1 Es/Ep ratio 

The Es/Ep parameter is defined as the ratio between the energy released by the S-wave divided 

by the energy released by the P-wave during a seismic event. This parameter is dependent on 

the focal point mechanism at the seismic source, and is an important indicator of the seismic 

source mechanism (Cai et al. 1999). Several authors have reported different ranges for the 

Es/Ep and related them to specific seismic mechanisms. Boatwright and Fletcher (1984) 

demonstrated that in fault slip type events, the energy associated with S-waves is much higher 

than that related to P-waves. Sato (1978) indicated that for the pure tensile mode of 

fracturing, Ep and Es are approximately equal (i.e. Es/Ep = 1). Urbancic et al. (1992) reported that 

events related to a non-pure shear component have a ratio that is frequently in the range of 1 

to 3. Kwiatek and Ben-Zion (2013) suggested an Es/Ep of 4.5 as the lower boundary for pure 

shear failure and values below this are events containing tensile/extensional components. A 

similar value (Es/Ep = 5) to discriminate between shear and tensile event was also suggested by 

(Eaton et al. 2014). However, there are still no definitive boundaries and the parameters 

should only be used as a qualitative indicator. 
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2.3.7.2 Moment tensor inversion 

Moment tensor inversion represents the most reliable method to classify and understand 

seismic sources. It describes equivalent body forces acting at a seismic point source (Burridge 

et al. 1964) and can be estimated from earthquake to the laboratory scale. The seismic 

moment tensor is a matrix of nine force couples used to describe the source mechanism (Aki 

and Richards 2002): 

 

𝑀𝑀 = �
𝑀𝑀11 𝑀𝑀12 𝑀𝑀13
𝑀𝑀21 𝑀𝑀22 𝑀𝑀23
𝑀𝑀31 𝑀𝑀32 𝑀𝑀33

�        (2.12) 

 

Figure 2.16 shows a schematic representation of these force couples. However, the matrix 

presented in Equation 2.12 can be further simplified to six independent components, as 

angular and linear momentums need to be conserved. Elements along the diagonal represent 

forces that define volumetric changes, while the rest describe balance double-couples, 

avoiding net torque or rotation in the tensor. 

 

 

Figure 2.16 Component of a seismic moment tensor (Aki and Richards 2002) 
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The simplest method with which to calculate moment tensor is the first-arrival polarity 

method. Motion towards the source indicates compression, while motion away from the 

source indicates tension or dilation. The first motions recorded at each sensor can be plotted 

on a lower hemisphere projection named a beach ball. If sufficient data are available, two 

nodal planes can be fitted, subdividing the beach ball into regions of compression (pressure) 

and dilatation (tension). The moment tensors can also be described as three orthogonal axes 

called P (for pressure), T (for tension) and N (null). While these can give a rough estimation on 

the possible orientation of the stress that caused the seismic event, relations between 

fault-plane solutions and directions of principal stresses should be evaluated carefully, 

especially in non-homogenous media (Gibowicz and Kijko 1994). 

As the most common assumption in earthquake seismology is that seismic events are caused 

by shearing faults, often focal mechanisms are represented as double-couple (DC). As both 

nodal planes are mathematically correct, only one represents the real surface along which the 

movement occurred and therefore geological/structural constraints are necessary. In Figure 

2.17 examples of beach balls for common tectonic environments are shown. 

 

 

Figure 2.17 Example of the most common fault types and relative beach ball representations (Rowan 2016) 
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However, this is a really simplistic approach as different researches have demonstrated that 

seismic events display a non-double-couple component (non-DC). Examples are reported in 

mining (Rudajev and Šílený 1985; Šílený and Milev 2008), shear fault on curve or irregular 

faults (Sipkin 1986) or fracture induce by fluid injection (Julian et al. 1998). 

Therefore, more often, in order to obtain a more realistic representation of the physical 

meaning of the moment tensor, this has to be decomposed in three parts: the isotropic (Miso), 

the double-couple (MDC) and compensated linear vector dipole (MCLVD) components (Knopoff 

and Randall 1970; Dziewonski et al. 1981; Hudson et al. 1989). 

 

𝑀𝑀 = 𝑀𝑀𝐼𝐼𝐼𝐼𝐼𝐼 + 𝑀𝑀𝐷𝐷𝐷𝐷 + 𝑀𝑀𝐷𝐷𝐶𝐶𝑉𝑉𝐷𝐷       (2.13) 

 

The sum of ISO and CLVD is called non-DC component, while the sum of DC and CLVD is called 

deviatoric component. In most of the cases the decomposition is expressed in terms of 

percentages and several formulae have been proposed (Vavryčuk 2015). In this thesis, the 

formula suggested by Knopoff and Randall (1970) and further developed and applied by others 

(Dziewonski et al. 1981; Sipkin 1986; Hudson et al. 1989; Kuge and Lay 1994; Vavryčuk 2011) is 

used: 

 

𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼 =  
1
3
𝑣𝑣𝑝𝑝(𝑀𝑀)
�𝑀𝑀|𝑚𝑚𝑚𝑚𝑚𝑚|�

 100%     (2.14) 

𝐶𝐶𝐷𝐷𝐶𝐶𝑉𝑉𝐷𝐷 = 2𝜀𝜀(100% − |𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼|       (2.15) 

𝐶𝐶𝐷𝐷𝐷𝐷 = 100% − |𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼| −  |𝐶𝐶𝐷𝐷𝐶𝐶𝑉𝑉𝐷𝐷|     (2.16) 

where  

𝑣𝑣𝑝𝑝(𝑀𝑀) = 𝑐𝑐𝑏𝑏𝑝𝑝 𝑐𝑐𝑜𝑜 𝑐𝑐𝑝𝑝𝑟𝑟𝑐𝑐𝑐𝑐𝑤𝑤𝑝𝑝𝑐𝑐𝑏𝑏𝑐𝑐 𝑝𝑝𝑐𝑐𝑠𝑠 𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑐𝑐 𝑣𝑣ℎ𝑐𝑐 𝑣𝑣𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐 𝑐𝑐𝑜𝑜 𝑝𝑝𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣 𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 

𝑀𝑀|𝑚𝑚𝑚𝑚𝑚𝑚| =   𝑐𝑐𝑝𝑝𝑟𝑟𝑐𝑐𝑐𝑐𝑤𝑤𝑝𝑝𝑐𝑐𝑏𝑏𝑐𝑐 𝑐𝑐𝑜𝑜 𝑀𝑀,𝑤𝑤ℎ𝑝𝑝𝑐𝑐ℎ ℎ𝑝𝑝𝑐𝑐 𝑣𝑣ℎ𝑐𝑐 𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑏𝑏𝑝𝑝 𝑝𝑝𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏𝑣𝑣𝑐𝑐 𝑤𝑤𝑝𝑝𝑐𝑐𝑏𝑏𝑐𝑐 

𝜀𝜀 =  
𝑀𝑀[𝑚𝑚𝑖𝑖𝑐𝑐]

�𝑀𝑀[𝑚𝑚𝑚𝑚𝑚𝑚]�
 

 

In order to better understand the meaning of these components, a classical graphical 

representation has been proposed by Hudson et al. (1989) (Figure 2.18). Following their 

method, source types can be parameterised in terms of the quantities k and T, respectively: 
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𝑘𝑘 =  
𝑝𝑝

|𝑝𝑝| + |𝑝𝑝3
′ |    𝑝𝑝𝑐𝑐𝑠𝑠 𝑇𝑇 =  

2𝑝𝑝1
′

|𝑝𝑝3
′ |         (2.17) 

 

where 

𝑝𝑝 = 𝑝𝑝𝑤𝑤𝑐𝑐𝑝𝑝𝑝𝑝𝑟𝑟𝑐𝑐 𝑐𝑐𝑜𝑜 𝑣𝑣ℎ𝑐𝑐 𝑣𝑣ℎ𝑝𝑝𝑐𝑐𝑐𝑐 𝑐𝑐𝑝𝑝𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤𝑝𝑝𝑐𝑐𝑏𝑏𝑐𝑐 (𝑝𝑝1,𝑝𝑝2,𝑝𝑝3) 

𝑝𝑝1
′ = 𝑝𝑝1 −  𝑝𝑝 

𝑝𝑝3
′ = 𝑝𝑝3 −  𝑝𝑝 

 

 

Figure 2.18 Source-type diagram (Hudson et al. 1989). In these plots, a mechanism will plot to different regions 
depending on the proportion of DC, compensated linear vector dipole, and isotropic contributions to the moment 
tensor. The sign of the compensated linear vector dipole and isotropic components is also distinguished here. 

 

The main characteristic of this graph, also called Hudson’s skewed diamond plot, is that all 

source types have an equal probability distribution. Pure explosive and implosive events are 

placed at the top and bottom vertex of the diamond, while pure double couples tend to be in 

the centre. Finally, mechanisms corresponding to opening and closing of cracks sit to the 

top-right and bottom-left edges of the diagram. 

Vavryčuk (2015) proposed a much simpler way to represent the different components than the 

one originally proposed by Hudson et al. (1989) (Figure 2.19). In this case the plot represents 

the source in a CLVT-ISO coordinates system, where the DC component is visualised by colour 
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intensity. An event with pure DC component is located in the centre. Pure explosive and 

implosive sources are plotted at the top and the bottom vertex respectively. Shear tensile and 

compressive cracks are in the first and third quadrant. If ISO and CLVD are of opposite sign 

(second and fourth) quadrant, it may indicate error-related noisy signals, velocity model or 

sensor coverage (Vavryčuk 2015). The biggest advantages are that ISO, DC and CLVD 

components can be plotted directly into the graph, preserving the uniform distribution 

probability. 

 

 

Figure 2.19 Source type plot proposed by Vavryčuk (2015) 

 

 

2.3.8 Microseismic network sensitivity 

As defined by Wesseloo (2011) the sensitivity of a seismic system is the minimum magnitude 

(mmin) that can be reliably recorded by the system. In other words, this is the magnitude above 

which all events are recorded and, therefore, the seismic array is sufficiently sensitive. The 

most common way to assess the sensitivity is to directly evaluate mmin from the frequency 
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magnitude distribution of a seismic database. Gutenberg and Richter (1944) found the 

following empirical relationship between these parameters: 

 

log(𝑆𝑆) = 𝑝𝑝 − 𝑏𝑏 (𝑀𝑀)   (2.18) 

where 

𝑆𝑆 =  𝑐𝑐𝑏𝑏𝑝𝑝𝑏𝑏𝑐𝑐𝑝𝑝 𝑐𝑐𝑜𝑜 𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐 𝑐𝑐𝑤𝑤𝑐𝑐𝑐𝑐𝑣𝑣𝑐𝑐 𝑐𝑐𝑜𝑜 𝑝𝑝𝑣𝑣 𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑣𝑣 𝑝𝑝𝑝𝑝𝑟𝑟𝑐𝑐𝑝𝑝𝑣𝑣𝑏𝑏𝑠𝑠𝑐𝑐,𝑀𝑀 

𝑀𝑀 =  𝑝𝑝𝑝𝑝𝑟𝑟𝑐𝑐𝑝𝑝𝑣𝑣𝑏𝑏𝑠𝑠𝑐𝑐  

𝑝𝑝, 𝑏𝑏 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑣𝑣𝑐𝑐 

 

By plotting frequency and magnitude in a log-linear space, the magnitude where the seismic 

data ceases to follow a log-linear relationship can be identified (Figure 2.20). This value, known 

as mmin, is usually considered to be the magnitude of completeness of the dataset. Sensitivity 

analysis and determination of mmin is really important, as interpretation of the seismic data 

must consider data quality of the available database. For example, if a source parameter is 

influence by magnitude, the limited completeness below a certain magnitude could affect the 

overall distribution. 

 

 

Figure 2.20 Frequency magnitude chart and estimation of mmin (modified from Wesseloo 2011) 
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2.4 Examples of microseismic monitoring in natural slopes 

2.4.1 South Peak of Turtle Mountain, Canada 

The first example reported in literature of microseismic system for monitoring a large unstable 

natural slope is the South Peak of Turtle Mountain, Canada (Moreno and Froese 2006; Froese 

et al. 2009). In 1903 a large rock avalanche (30 × 106 m3) detached from the east face of Turtle 

Mountain, killing over 70 people in the city of Frank nearby (Figure 2.21). Between 1981 and 

1984, the Alberta Government launched a monitoring program to understand the deformation 

rates related to large deep fractures surrounding the South Peak. The aim was to evaluate the 

potential for a second large rock avalanche on the mountain. The project comprised the 

installation of crack gauges, prism and photogrammetric targets to detect surface 

displacements patterns and six surface mounted seismic stations to identify possible 

deformation and cracking at depth. 

 

 

Figure 2.21 Overview of Turtle Mountain and 1903 Frank Slide with location of North and South Peaks (Brideau et 
al. 2011) 

 

Between 1983 and 1992 approximately 350 events were recorded. However, of these only 33 

could be located, as seismograms were not sufficiently clear and locations were affected by 

large errors (Bingham 1996). In November 2003 an additional surface array was installed. This 

comprised six 28 Hz triaxial geophones, encased in cement blocks located on the slope surface. 

In situ seismic velocities were determined using a sledge hammer as the source and ultrasonic 
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analysis on hand samples In order to obtain a more accurate location of the events (Bland 

2003). These measurements allowed determination of a homogeneous seismic velocity model 

of 4,700 m/s for P-wave, with a Vp/Vs ratio estimation of 1.73. Using these parameters Chen et 

al. (2005) were able to locate 73 events; five of which related to deep thrust fault movements 

(Figure 2.22). No seismic activity was clearly associated with slope deformations (Froese et al. 

2009). In winter 2008 the seismic study was dismissed and it is no longer operating (Alberta 

Geological Survey 2016). While Turtle Mountain represents one of first attempts to implement 

a microseismic system for monitoring of slope instability, the project wasn’t particularly 

successful. One of the main factors can be attributed to the highly fractured bedrock and the 

decision to install the sensors on the surface rather than in competent rock. 

 

 

Figure 2.22 Plan (a) and cross section (b) though Turtle Mountain showing the seismic events located by Chen et 
al. (2005) 
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2.4.2 Randa rockslide, Switzerland 

A really well documented example is the case study of the Randa rockslide in the Swiss Alps 

(Spillmann et al. 2007). During the spring of 1991, two major rockslides involving a total 

volume of 30 × 106 m3 of crystalline rock plunged into the Matter Valley from a high mountain 

slope overlooking the village of Randa in southwest Switzerland (Figure 2.23). Above the scarp 

of the second rockslide, the mountain continues to move at rates of up to 2 cm/year. Since 

then, an intense campaign of investigations has been carried out, comprising surface geodetic 

reflectors, surface extensometers and borehole extensometers and inclinometers (Willenberg 

et al. 2008). 

 

 

Figure 2.23 Photograph of the Randa rockslide and the investigation area (Willenberg et al. 2008) 

 

In addition, in 2002 a microseismic system was also operating for approximately 31 months. 

The system comprised nine 8 Hz triaxial geophones in shallow boreholes (0.3 to 4.6 m) and 

three 28 Hz triaxial geophones in deep boreholes at 113.5, 42.7, and 43.2 m. Data were 

recorded using a standard trigger algorithm based on a STA/LTA algorithm with STA and LTA of 
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500 ms and 30 ms respectively. The threshold ratio was fixed at 40. Over the operation time, a 

total of 66,409 triggered events were recorded but the overall quality of the data was not high. 

The majority of triggered events were identified as either electrical noise, low coherency 

events or had weak signals.  For only 223 events were it possible to pick a first-arrival P-wave 

time, while it was extremely difficult to determine S-wave onset times with sufficient accuracy 

to include in the location process.  

In order to accurately determine the event locations, a 3D velocity model was built based on 

nine seismic refraction surveys: five parallel and four perpendicular to the slope. These were 

obtained using small explosive charges detonated in 0.5-0.7 m deep boreholes (Heincke et al. 

2006). The investigations highlighted the presence of very highly fractured rock mass with low 

seismic velocity (less than 1.5 km/s) near the surface, followed by a more competent bedrock 

(> 2.5 km/s) (Figure 2.24). A number of small test shots located at different locations around 

the seismic network were then performed to validate the 3D-velocity model. Location was 

performed using a homogeneous (VP = 2.5 km/s) and the more complex model, with the aim to 

compared the two results. A probabilistic approach (Lomax et al. 2000) was used in both cases 

in order to take into account the uncertainties in the velocities model and the P-wave picking, 

expressing location as PDF. The results have shown that for the 3D velocity model, shot 

location are more accurate (< 21 m in plane and < 8 m in depth) and a reduction in the level of 

cluster of uncertainties (Spillmann et al. 2007). 

 

 

Figure 2.24 Refraction survey line and seismic velocity model for the Randa rockslide (Heincke et al. 2006) 
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The 223 events were then located using the 3D velocity algorithm and locations were 

compared with the available information from boreholes. Moment magnitude of the 

micro-earthquake were estimated between -0.2 and -2. The analysis of these data allowed 

identification of several microseismogenic zones (Figure 2.25). The majority of seismicity 

seemed to occur within 50-100 m from the surface and were particularly concentrated around 

the rockslide scarp (A) and a highly fractured zone (B). Events in zone C, D and E were 

considered unreliable as they were outside of the boundary of seismic array. Particularly 

interesting was the conclusion regarding zone F. In fact, while in this zone borehole data 

showed intense fracturing and recent displacement (sonic borehole and extensometer data), 

no events were recorded. Spillmann et al. (2007) concluded that these displacements could 

have occurred aseismically or been so small to not be detected by enough sensors. 

 

 

Figure 2.25 Cross-section of Randa rockslide showing the summed PDF volume for the 223 events recorded. 
Letters A to F indicate the microseismogenic zone identified by Spillmann et al., 2007 
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Eberhardt et al. (2004), has interpreted the microseismic activity as initiation and propagation 

of brittle fractures, related to extensional strain. The extensional strain concept has been 

advocated by several authors (Lajtai 1969; Stacey 1981; Einstein et al. 1983) in order better 

describe fracture initiation in low stress confinement. The original formulation proposed by 

Stacey (1981) and further updated (Stacey et al. 2004; Wesseloo and Stacey 2016) stated that 

fractures initiate when  

 

𝜀𝜀3 > 𝜀𝜀𝑐𝑐         (2.19) 

where 

𝜀𝜀3 =  
𝜎𝜎3 − 𝑤𝑤(𝜎𝜎1 + 𝜎𝜎2)

𝑆𝑆
= 𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑏𝑏𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐 𝑐𝑐𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐 

𝜀𝜀𝑐𝑐 = 𝑐𝑐𝑝𝑝𝑝𝑝𝑣𝑣𝑝𝑝𝑐𝑐𝑝𝑝𝑐𝑐 𝑤𝑤𝑝𝑝𝑐𝑐𝑏𝑏𝑐𝑐 𝑐𝑐𝑜𝑜 𝑐𝑐𝑖𝑖𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐 𝑐𝑐𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐 

𝜎𝜎1,𝜎𝜎1,𝜎𝜎1 𝑝𝑝𝑝𝑝𝑐𝑐 𝑣𝑣ℎ𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐 𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 

 

The general concept is of the extensional strain criteria is the prediction of a zone of fracturing, 

which can then propagate through other mechanisms (e.g. shearing) (Wesseloo and Stacey 

2016).  Several experimental studies in rock mechanics have shown how initial random 

extension fractures will initially form until they coalesce into a shear plane (Manthei et al. 

2000; Mogi 2007; Lee and Haimson 2011). Stacey (1981) suggested that the critical value of 

extensional strain depends on the rock type and should be assessed looking at the change in 

behaviour in stress-strain curves in laboratory tests. 

In the case of the Randa rockslide, Eberhardt et al. (2004) found that in the area of the 

instability the extension strain was well in excess compared to the critical level reported by 

Stacey (1981) and the area of maximum extensional strain agree with the 1991 Randa failure 

surface (Figure 2.26). Additional numerical analysis was run by the same authors using a 

Hybrid finite-discrete element model (Rockfield. ELFEN 2D/3D numerical modelling package 

2001). The results indicated that the mobilisation of the shear failure occurred only after 

extensive extensional fracturing, which drove progressive cohesion loss (Eberhardt et al. 2004). 

Finally, another interesting aspect of this case study is the absence of correlation between 

seismicity and rainfall rate or snow melting. The authors explained this phenomenon with the 

absence of groundwater found within the first 40 m of the boreholes and therefore the current 

insignificant influence of water pressure in the occurrence of events. 
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Figure 2.26 Extension strain, ε3, calculated for the pre-failure geometry of the 1991 Randa rockslide (Eberhardt et 
al. 2004). 

 

The Randa study was definitely more complete and detailed than Turtle Mountain. It 

highlighted the importance of using a more complex velocity model, rather than a simple 

homogenous one. Moreover, some correlations between seismicity and rock mass damage 

have been found. However, some of the following information was not fully investigated by 

the authors or not discussed in detail: 

 

• Despite other geological/geotechnical information and monitoring data (e.g. geodetic 

reflectors, surface extensometers) being available, Spillmann et al. (2007) don’t 

provide a detailed description of the link between seismicity and the overall stability 

mechanisms; 

• Source parameters, except for the moment magnitude, were not available to complete 

the description of how the fracturing process was taking place, especially regarding the 

extensional strain concept; 
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• Even considering moment magnitude, some of the interpretations (seismic/aseismic 

zone) could be biased by the sensitivity of the array and consequent lack of data; 

• No discussion is provided regarding the temporal distribution of seismic events and 

how this could be related to acceleration/steady trends in the rockslide behaviour. 

 

 

2.4.3 Aaknes rock slope, Norway 

The Aaknes rock slope, Norway is another example of microseismic monitoring. The network 

was installed by NORSAR (Blikra 2008; Blikra 2012) and has been active since 2005. The site is 

particularly well monitored, as the possible unstable volume (40-70 × 106 m3) could generate a 

local tsunami, with a risk to a large part of the fiord and its shores (Figure 2.27). Rates of 

movement observed are between 4 and 15 cm/year. The system comprises eight triaxial 4.5 Hz 

geophone arrays, with sensors installed on the surface over an area of 250 × 150 m. 

 

 

Figure 2.27 Aaknes rockslide, Norway (image from NORSAR (2016)) 

 

The data were originally recorded in continuous mode for almost one year to provide an 

overview of SNR conditions. After the first year, the system was switched to triggered mode, 

being able to record 1-10 microseismic events per week. A seismic tomography, comprising 11 

shots in different parts of the slope highlighted how seismic velocities can change by a factor 
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of two or three, as part of the system is on solid rock and part on the moving part of the slope 

(Roth and Blikra 2009). Therefore, the authors concluded that the high seismic heterogeneities 

within the network restricted the possibility of reliably locating the events. However, it was 

found that seismic activity rate increased following heavy rainfall or snowmelt, with a good 

correlation with temporary acceleration phases of surface movement of the slope. 

Similar to the Turtle Mountain case study, the project has been affected by highly fractured 

rock mass and the possibility to install the sensors only on the surface. Event location and 

source parameters could not be determined and despite some correlation being found 

between seismicity and slope movements, a complete characterisation was restricted. More 

work has been currently undertaken but publications have been delayed (Fisher 2016). 

 

 

2.4.4 Gradenbach case study, Austria 

Brückl et al. (2013) reported a research on the use of microseismic monitoring for three deep 

seated mass movements in crystalline rock in the Eastern Alps in Austria: Gradenbach (Schober 

Range, Carinthia), Hochmais-Atemskopf (Otztaler Alpen, Tyrol), and Niedergallmig-Matekopf 

(Samnaun Range, Tyrol). However, detailed discussion is presented mainly on the Gradenbach 

case study (Mertl and Brückl 2008). The main body of the instability covered a volume of 

120 × 106 m3, with deformation patterns characterised by slow movement period 

(≤ 0.3 m/year) interrupted by stages involving several  metres of surface displacement. 

The seismic network comprised five 4.5 Hz triaxial geophones installed to a depth of at least 

60 cm from the surface. An additional sound sensor was used to distinguish between seismic 

events cause by rock mass movements and atmospheric sources. The system was active 

between February 2007 and April 2008. Data were continuously recorded on site hard drives 

and collected every three months. 

A 3D velocity model based only on P-waves was created from seismic refraction lines using a 

hammer and a few small charge explosives in shallow boreholes. The geophysical investigation 

highlighted a complex variation of seismic velocities with variations from 5,000m/s at depth to 

only 1,000m/s near the slope surface  (Brückl and Mertl 2006). Similar to the Randa case study 

event locations were performed using a probabilistic approach based on Lomax et al. (2000). 

However, only seismic events recorded overnight between 08.00 pm and 08.00 am were taken 

into account to avoid man-made signals (Mertl and Brückl 2008). 
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Seismic activity was mainly recorded during the spring of 2009, comprising 219 events (Figure 

2.28). Looking at the temporal distribution of the seismicity Brückl et al. (2013) found that an 

initial increase of activity was observable in correspondence with the snow melting. 

 

 

Figure 2.28 Spatial frequency distribution of the events recorded from March to September 2009 at Gradenbach, 

based on the PDF approach (Brückl et al. 2013). 

 

The majority of events (43) were recorded between 2nd and 6th April and then gradually 

stopped on 25th April. Approximately two months later seismic activity increased again, this 

time followed by a phase of acceleration of the slope and rockfall events. The authors 

correlated the two stages with a delay in the increase of water pressure observed in the 

borehole gauges normally observed after rainfall and snowmelt. 

Unfortunately, similar to the previous case studies, the authors don’t discussed in detail what 

type of relationship exist between microseismic activity, slope behaviour and mechanisms. A 

correlation was found between rainfall, snowmelt and the increase of the number of events. 

However, as events were only considered in the time window between 08.00 pm and 08:00 

am, this distribution could be biased. 
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2.4.5 Other examples 

Some other examples are also available in the literature on applications of microseismic 

monitoring for rock cliffs. Amitrano et al. (2005) observed a correlation between temperature 

and seismic activity on the Matterhorn (Swiss-Italian Alps), which the authors correlated with 

freeze-thaw cycles affecting rock mass at very high altitude (3,830 m a.s.l.). Both Helmstetter 

and Garambois (2010) and Walter et al. (2012) were able to detect rockfall and noticed an 

increase of microseismic activity with rainfall events. However, all these studies lack a detailed 

investigation on source mechanisms and event locations were not performed. In general they 

are limited to the analysis of the event count rate and determine any relationships with 

triggering factors (e.g. rainfall, freeze-thaw cycles). 

 

 

2.5 Examples of microseismic monitoring in open pit mines 

2.5.1 Early studies and Fimiston Open Pit Kalgoorlie Consolidated Gold Mines 

(KCGM), Western Australia 

During the 1970s and the 1980s some attempts were made to implement microseismic 

monitoring in open pit mines (Kennedy and Niermeyer 1971; Voight and Kennedy 1979; Hardy 

Jr et al. 1988). These early studies focused on the event rate count and its correlation to 

stability and displacement. However, it is only thanks to the recent technological advances that 

real-time routine monitoring has become feasible (Lynch and Malovichko 2006). 

One of the first examples in the literature is the case study of a microseismic system for the 

purpose of monitoring a mine slope on a large scale is Kalgoorlie Consolidated Gold Mines 

(KCGM) (Hudyma et al. 2003). An initial trial system had been installed in 1996 and comprised 

four sensors installed into two boreholes drilled behind a pit wall with a crown remnant 

located above a major stope at about 160 m from the surface. For the initial study, two triaxial 

geophones and two triaxial accelerometers were used with a frequency range between 40 and 

800 Hz, and 1 and 10 KHz respectively. Following the initial success of the trial with more than 

3,000 events recorded in eight months, the system was upgraded in the early 2,000s to a total 

of twelve triaxial geophones and accelerometers and nine uniaxial geophones. The idea was to 

provide coverage for the entire pit that at that time was 2.7 kilometres long, 1.5 km wide and 

about 300 m deep. Several calibration blasts were performed to estimate in situ seismic 

velocities. The results highlighted how P-wave velocities are highly anisotropic and inconsistent 
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with velocities changes from 1,434 to 5,568 m/s, and 1,949 to 5,877 m/s in the north–south 

and east–west respectively. 

Despite the difficulties and uncertainties with the velocities model, (Hudyma et al. 2003) 

reported that between January 1998 and December 2002, approximately 280 events were 

recorded ranging from a local magnitude of -2.3 to 2.3 (Figure 2.29). However, most of the 

seismicity was related to the underground working under the pit and no significant slope 

instability concern was detected. 

 

 

Figure 2.29 Longitudinal view of Fimiston Open Pit KCGM pit and seismic events recorded between January 1998 
and December 2002; events are displayed according to local magnitude (Hudyma et al. 2003) 

 

 

2.5.2 Navachab mine, Namibia 

Lynch and Malovichko (2006) reported that microseismic monitoring has been successfully 

implemented at more than 15 open pit slopes. Of these only Union Reefs Mine in Australia, 

Potgietersrust Platinum Mine in South Africa and Navachab mine in Namibia are described. 

Moreover, in the literature, only the case of Navachab mine in Namibia is fully discussed 

(Lynch et al. 2005; Lynch and Malovichko 2006). The system at Navachab was installed as there 

were concerns after a small slope failure occurred in early 2000 and faint popping noises could 

be heard in the slope after blasting. Stacey et al. (2003) reported that the failure involved hard 

rock schist striking parallel to the pit slope. The banding planes in the metamorphosed rock 

mass had been disturbed and flattened to 50° by localised folding. The instability extended 
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over a height of 50 m, with a width between 75 and 100 m, and a depth or thickness in the 

range of 2 to 5 m.  

A small seismic array was installed in February 2002. Subsequently in April 2004 an enlarged 

microseismic system, comprising eight triaxial sensors, was deployed. Three calibration blasts 

indicated P-wave and S-wave velocities of 6,300 and 3,700 m/s respectively. Based on the 

smaller array, Lynch et al. (2005) reported that moment magnitude of the events recorded 

ranged between -2 and 0 were recorded between May 2002 and November 2003 (Figure 2.30).  

 

 

Figure 2.30 Seismic activity recorded at Navachab mine from May 2002 to November 2003 (Lynch et al. 2005) 
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In general, the largest amount of seismic activity that was detected occurred below the 

bottom of the pit. The authors suggested a close association between microseismicity, 

fracturing and stress changes related to removal of the broken rock after blasting and 

excavation. In fact, a correlation was found between the increase of number of seismic events 

in this area and the cumulative amount of rock mined out. 

Particularly interesting is the time window between October 2002 and April 2003, when a 

rapid increase of seismic activity behind the pit wall and significant surface movements were 

recorded (Lynch et al. 2005). Using an inferred technique based on Aki and Richards (2002), 

the authors tried to infer surface displacements based on the microseismic data and compared 

these with the actual deformation measured from prisms. The results seem to indicate that by 

using seismic data it was possible to anticipate the surface deformation which was measured 

45 days later by prisms (Figure 2.31). 

 

 

Figure 2.31 Comparison between inferred surface movements from microseismic data (solid line) and observed 
3D surface movements from one of the prisms (dashed line) (Lynch et al. 2005) 

 

A comparison between seismic events and numerical models was carried out in order to better 

understand the causes of seismic activity. This was achieved by analysing the distribution of 

both maximum shear strain and extensional strain obtained in a simple model assuming a K 

ratio of 2 using in the computer program FLAC2D (Itasca Consulting Group Inc. 2002) (Figure 
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2.32). Based on their work Lynch et al. (2005) found that in the case of Navachab, both shear 

and extensional strain were not sufficient to cause fracturing of the intact rock. However, 

seismicity seemed to concentrate in a volume of rock around the toe of the slope, where both 

shear and extensional strain reached their maximum value. The authors concluded that this 

could indicate that brittle fractures occurred as a combination of shear and tensile types of 

fracture. 

 

 

Figure 2.32 Contours of extensional strain (above) and shear strain (below) obtained by Lynch et al. 2005 using a 
simple FLAC 2D model and assuming a K ratio of 2 
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As seismicity could be related to structural control mechanisms a simple plane detection 

algorithm, based on space density, was deployed to identify possible planes of weakness 

(Lynch et al. 2005). The results indicated that a possible plane oriented 280°/45°, compatible 

with one of the joint sets present in the area, could be responsible for the seismic activity. 

Moreover, the orientation of the plane agrees well with the orientation of the principal stress 

σ1, along with possible extensional fractures can develop. It is also important to highlight that 

some tests were also conducted on moment tensor analysis of the data. Unfortunately, the 

results were inconclusive as the quality of the waveforms were not sufficient (Lynch et al. 

2005). 

The work by Lynch et al. (2005) has the merit to highlight some interesting concepts, especially 

in regards to the link between seismicity and extensional fracture initiation, and some issues 

can be raised: 

• In regards to the comparison between inferred and real displacements, the authors 

don’t indicate which seismic events were used to perform their calculation and their 

proximity to the prisms considered. Moreover, the graph in Figure 2.31 shows the 

results relative to only one prism, while other measurements are not reported. For 

example, the fact that an initial spike was still recorded in correspondence to the initial 

movements inferred by microseismic events could be related to instrumentation 

faults. Finally, effects regarding possible influence of water pressure change behind 

the pit wall are not discussed; 

• Despite the authors initially advocating the possible influence of extensional strain to 

explain the seismic activity recorded at Navachab, in the following section they still try 

to fit a shear plane though a cluster of events based on their density. As a failure 

related to that plane didn’t take place during the period of monitoring, it is plausible to 

think that the shear plane hasn’t been developed at all; 

• As the monitored area is in schist rock, the seismic location could have been affected 

by seismic anisotropy. Moreover, pit geometry could have had an impact on the 

location error, especially close to the toe of the slope; 

• In the paper, an analysis of the source parameters is not discussed. For example, Es/Ep 

ratio distribution could have helped to strengthen some of the arguments related to 

the fracture mechanisms. However, it is laudable the attempt to perform some 

moment tensor analysis, even if as mentioned by the authors the quality of the data 

wasn’t sufficient; 
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• The numerical analysis was conducted assuming a proportion between the horizontal 

and vertical stresses. In the literature the topic of stress measurement is often ignored 

in open pits and it is possible to only find mentions in the appendix of Guidelines for 

Open Pit Slope Design (Hoek et al. 2009). Hoek et al. (2009) stated that stress 

measurements around the pit are often ignored and treated in a really simplistic 

manner adopting some proportion. Most of time the regional stress/local tectonic 

stress is ignored and failures are assumed gravitationally driven only. However, in 

presence of high horizontal stresses this can have a significant impact in the extension 

of the damage zone caused by progressive excavation; 

• Finally, a basic investigation on the sensitivity of the data would have been necessary 

in order to highlight any issues related to data quality and the completeness limit of 

the database. 

 

 

2.5.3 Mount Keith mine, Western Australia 

Another interesting case study can be found in Wesseloo et al. (2009) and Sweby et al. (2006) 

regarding Mount Keith mine, Western Australia. The system comprised six uniaxial geophones 

(6–1,000 Hz) and six uniaxial accelerometers (50-5,000 Hz) installed in boreholes behind the 

east pit wall. The system was active between March and November 2007. However, numerous 

downturns affected the array and from February 2006, the sensitivity of the system was 

strongly reduced as some sensors were lost. 

In general, the authors couldn’t identify any particular seismogenic zones or activity along the 

main geological structures. However, a migration in the spatial distribution was noticed after 

February 2006 (Figure 2.33). Wesseloo et al. (2009), using a simple stress analysis in Map3D 

(Mine Modelling Pty Ltd 2008), observed how this change could be related with stress changes 

caused by the progressive excavation of the pit. Similar to the other studies (Eberhardt et al. 

2004; Lynch et al. 2005), the authors advocate that microseismic activity could be related to 

extensional strain and initial fracture propagation due to the progressive destressing of the 

slope. The hypothesis was also supported by the analysis of the ratio of energy S and P-waves 

(Es/Ep) distribution (Figure 2.34). In the case of Mount Keith the low values of Es/Ep recorded at 

Mount Keith are a strong indication that the microseismicity is caused by non-DC focal 

mechanisms and is attributed to the low stress and general dilative strain environment in 

which the fracturing occurs (Wesseloo et al. 2009). However, the project only captured a few 

months of data, as a following cutback of the slope compromised the system. 
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Figure 2.33 Spatial-temporal distribution of seismic events recorded at Mount Keith (Wesseloo et al. 2009) 
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Figure 2.34 Distribution of S-wave to P-wave energy ratio for the data obtained from Mount Keith (Wesseloo et 
al. 2009) 

 

 

2.5.4 Other examples 

Another case study is reported in the literature by Vinoth and Kumar (2014) on a coal open pit 

mine in South India. In this case the microseismic monitoring was installed to detect any 

instability on the highwall where the access to the developed underground work was. The 

system comprises five 15 Hz triaxial geophones with frequency ranges between 6 and 1,000 Hz 

installed in deep boreholes behind the wall. The authors reported that 228 events were 

analysed within the study period, but no stability problems were detected. No indications of 

spatial and temporal distribution of events are discussed. No information is provided on the 

moment magnitude and source parameters recorded. 

The last example is the results related to the microseismic system installed at Zhelezny mine in 

the Kola Peninsula, Russia (Kagan et al. 2013). Despite most of the seismic activity being 

related to the stress release at the bottom of the pit, the authors observed a small portion of 

seismic events behind the monitored pit wall. Using some basic analysis, assuming DC events, 

it was observed a change in the orientation of P and T axes from 2010 and 2012. This variation 

was related to the stress change caused by the extraction and possible activation of different 

geological structures during the time considered. However, in the paper the authors don’t 

discuss any other source parameters and detail consideration of the type of events, quality of 

the data and sensitivity of the system are not provided. 
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2.6 Issues with current routine practice for microseismic monitoring in 

open pit mines 

What emerges from the literature review is that despite several attempts at implementing 

microseismic monitoring in open pit mines and natural slopes, only a few examples have been 

successful and the technique is still experimental. Current practice in the design and recording 

of a microseismic system, especially in the case of open pits, mainly relies on the experience of 

underground operations. Lynch et al. (2005) proposed that a similar approach could be used as 

a routine method for monitoring an unstable slope in an open pit. 

As listed in ‘Paragraph 2.1 – Introduction’, the main objectives for microseismic underground 

monitoring are the understanding of the seismic hazard and the ground condition around the 

opening in order to ensure a safe mining environment (Mendecki et al. 2010). Therefore, 

providing location and source parameters of events to site engineers in a relative short time 

(a few minutes or hours) becomes critical. In order to achieve this goal, it is a common practice 

to use a triggering algorithm rather than continuous recording to register the seismic activity. 

Moreover, only the seismograms from instruments that exceeded the fixed threshold are 

normally recorded, despite four or more sensors being triggered, indicating a possible event 

has occurred. 

However, this kind of approach doesn’t take into account some of the peculiarities of open pit 

rock slope monitoring. Salvoni et al. (2016) suggested that the main aims of a microseismic 

system in an open pit environment should be focused on the following objective: 

• Prevention: as a microseismic system can detect low/infinitesimal strain, analysis of 

spatial and temporal distribution of seismic activity could indicate the possible 

development of instability in certain areas. In this sense, microseismic monitoring can 

be a powerful tool to help management take counter measurements (e.g. change in pit 

wall design) if sufficient time is given; 

• Back analysis: location, source parameters and moment tensors can be used to further 

comprehend brittle fracture propagation and rock mass damage for already 

developed/developing instabilities. Moreover, it could help to strengthen the 

geological-geotechnical model and evaluate evolutionary case scenarios; 

• Alert: activity rate can be used as a warning tool to alert site engineers. However, this 

aspect represents mainly a possible spin-off, as mostly covered by the installation of a 

ground-based radar and prism system. 
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Keeping these goals in mind, it becomes evident how obtaining the most accurate picture of 

the seismic activity near the slope, both in terms of number of events recorded and location 

accuracy is of vital importance. However, some of the approaches proposed for underground 

cannot be completely applied or results faulty in the open pits (Salvoni et al. 2016). 

First of all, traditional triggered mode recording may not be adequate to have a complete 

picture of the seismic activity near the slope. In fact, this method is mainly designed to reduce 

the volume of data to process and provide results in a short (i.e. daily/hourly) timeframe. 

Unfortunately, this can lead to under-recording of the amount of seismicity, particularly in case 

of weak events. A possible different approach to avoid missing any information could be 

continuous recording. In this case, processing of the events can only be provided a 

considerable time after its occurrence (e.g. monthly) due to the large amount of data involved 

in the analysis. However, as previously mentioned, alert in real-time is not the main issue in 

open pits, as this is covered by other monitoring methods frequently deployed (e.g. prisms, 

ground-based radar, piezometers, inclinometers and TDR). If the reporting time frame is, for 

example, monthly, this would still provide adequate warning of an impending issue allowing 

time to develop strategic plans to cope with the emergence of instability. At the time this 

project started, no current studies were available on the possible effect of recording methods 

on the quality of seismic databases for open pits (Salvoni et al. 2016). 

Another important aspect to be considered is the difference in the 3D seismic configuration of 

the array. In underground mines, having better access though the tunnels, drives and 

crosscuts, sensors can be placed more easily and at a lower cost around the volume of rock 

monitored. In an operating open pit, often the instrumentation can only be installed in long 

drillholes placed behind the pit wall, limiting the 3D distribution of the sensors. In fact in this 

study, access to the slope was limited for safety and/or operational reasons. Unfortunately, 

the traditional approach seems to ignore how a limited 3D configuration can impact on event 

location (Salvoni et al. 2016). Normally only the sensors that exceed the threshold rather than 

the entire array are recorded. Moreover, sensor orientation is rarely taken into account in the 

location algorithm. Therefore, there is the need to understand if the impact is negligible or can 

highly affect location and interpretation of the data. 

As discussed in ‘Paragraph 2.2.3’ and through some of the examples in natural slopes, an 

accurate velocity model plays an important goal in terms of location accuracy. It is common to 

assume homogenous and isotropic velocities. However, lithological heterogeneities/anisotropy 

or effect related to rock mass fracturing/weathering can substantially contradict these 

assumptions. Moreover, pit geometry can significantly contribute to localised bending of the 



Chapter 2 – Literature Review 
 

 

61 
 

seismic ray paths, affecting source location near the toe and the bottom of the slope. In none 

of the previous case studies have these effects has been analysed and further research is 

needed. 

 

 

2.7 State of art of interpretation of seismic data 

What emerges from the literature review is that the majority of these studies have been 

focused on the seismological point of view, rather than the instability problem itself. First of 

all, spatial and temporal distribution of seismic activity in relation to the 

geological/geotechnical characteristic of slopes has rarely been described with full level 

geological/geotechnical details. For example, Spillmann et al. (2007) and Brückl et al. (2013) 

were able to identify particular areas where the seismic activity was concentrated. However, 

both authors are silent on how these zones may be related to different kinematic slope 

behaviour. Moreover, other monitoring data and/or geological geotechnical information are 

never fully exploited to describe the kinematics of the instability. 

Another important aspect often overlooked is the mechanics of the fracture and mechanisms 

which is related to the seismic activity. Lynch et al. (2005) and Wesseloo et al. (2009) in the 

same way tried to explain the seismic events in the context of extensional strain and 

progressive damage of rock. In particular, Wesseloo et al. (2009) used the Es/Ep ratio to 

strengthen this concept. However, in both cases a slope failure never occurred during the 

monitoring period and more studies are needed to understand the propagation of fractures 

from extensional damage to shear/failure. As mentioned before, this transition has been 

observed in laboratory tests, but never in the field. A further approach could be the use of 

moment tensor analysis, a technique normally used for earthquakes, but which would be 

powerful to reveal and uncover the type and orientation of fracture development. Moreover, 

further work would need to be done on the possible application of moment tensor analysis in 

open pits. 

 

 

2.8 Literature review conclusions 

The following conclusions can be drawn from the review of the previous researches in 

microseismic monitoring in open pit and rock slope: 
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• Although in the last decade there has been an increased interest in the use of 

microseismic monitoring for natural and open pit rock slopes, the literature review 

suggests that the technique is still experimental. Hence very little has been published; 

• There is the need to better comprehend which one are the implications of using 

traditional microseismic monitoring approach developed in underground mine for 

open pit slope stability. In particular, the impact of factors such as recording method, 

number of sensors used, sensors orientations, velocity model and pit geometry need 

to be further investigated; 

• Spatial and temporal distribution of seismic activity in relation to an active slope hasn’t 

been analysed in detail, especially in relation of the overall geological/geotechnical 

information and monitoring data; 

• Mechanisms and fracture development in relation to an unstable slope are still poorly 

understood; 

• More detailed guidelines are needed for microseismic monitoring in open pits. 
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3 Geotechnical analyses on the Southwest Corner instability 

3.1 Introduction 

When dealing with large scale instable slopes, it is of vital importance to fully comprehend the 

failure modes and the rock mechanics behaviour. These are a function of several factors such 

as slope height, discontinuity spacing and persistence, and the occurrence of slope-scale 

geological features and structural patterns (Goodman and Kieffer 2000). At a small scale, 

structurally-controlled failure modes (e.g. planar, wedge, or toppling failures) have been 

recognised and discussed by many authors (Hoek and Bray 1981; Goodman 1989). However, 

where slope-scale major structural features or anisotropic patterns occurred, more complex 

global failure modes are expected (Sjöberg 1999; Wyllie and Mah 2004; Stacey 2009) 

In this chapter, a brief discussion of the geological and geotechnical aspects of the area will be 

presented, including former investigations and interpretation conducted by the MMG 

geotechnical team (Section 3.2 to 3.4). Despite the amount of work previously undertaken, 

there were still concerns that the failure mechanism was not fully understood. For this reason, 

a forensic analysis has been carried out including borehole data, photogrammetric 

interpretation and laboratory tests to improve the geomechanical characterisation of the area. 

 

 

3.2 Century Mine operations 

The Century Mine is an open pit mine owned and operated by MMG Limited (Minerals and 

Metals Group). It is located near Lawn Hill in Northwest Queensland, Australia (18"4303500S, 

138"3602000E), approximately 250 km northwest of Mount Isa (Figure 3.1a). The region has a 

tropical monsoonal climate, with distinct ‘wet’ and ‘dry’ seasons. Approximately 90% of the 

annual rainfall occurs between November and April. The average annual rainfall in the region is 

approximately 664 mm. Annual evaporation exceeds annual rainfall five-fold (Donors Hills 

Station, 200 km east of Century Mine; Bureau of Meteorology (2016)). 

Century Mine represents one of the major sediment-hosted zinc, lead and silver deposits of 

the Mount Isa Inlier and MacArthur Basin. Original ore reserves was estimated in 167 Mt 

grading 8.24% Zn, 1.23% Pb and 33 g/t Ag (Broadbent et al. 1998), with an average annual 

production of 500.000 t of zinc concentrate. Century Mine comprises two sites – the mine and 

processing operation at Lawn Hill, and associated concentrate dewatering and ship-loading 
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facilities at the Karumba Port, on the Gulf of Carpentaria. The product has been transferred in 

slurry form via a 304 km underground pipeline to Century Mine’s port facility at Karumba for 

shipping to smelters in Australia, Europe and Asia. 

The ultimate pit is approximately 2.5 km long by 1.5 km wide at the surface with a final depth 

of 320 m, making Century Mine one of the largest open pit zinc mines in Australia and the third 

largest in the world. The pit has been mined in a series of stages with older stages being filled 

with waste material via a staged in-pit dump system and it has now reached the final stage 

(Figure 3.1b). After 16 years, mining operations ceased at the end of 2015 and the pit is 

currently in the mine closure phase, which may span over a period of 30 years. The program 

will involve the rehabilitation of the areas that have been disturbed by mining activity and the 

progressive filling of the pit by a combination of groundwater inflow and rainfall. 

 

 

Figure 3.1 (a) Location of Century Mine’s operations: the mine at Lawn Hill and the associated dewatering and 
ship loading facilities at Karumba; (b) Century Mine plan at March 2015 and area of the current research project 

 

 

3.3 Site geology 

The Century Mine occurs on the Lawn Hill Platform, at the northern tip of the western fold 

belt, one of the three main structural domains of the Mount Isa Inlier (Broadbent et al. 1998). 

The inlier is a north–south trending Proterozoic belt that extends for more than 50,000 km2, 
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including a broad succession of sedimentary, volcanic, granitoid and metamorphosed rocks 

(Blake et al. 1990). The Mesoproterozoic rocks hosting Century Mine (1,595 ± 6 Ma) are part of 

the Lawn Hill Formation within the Upper McNamara Group. They are composed of a 

sequence of unmetamorphosed to low-grade metapelitic rocks; mainly sandstones, siltstones, 

shales, mudstones, and minor tuffaceous layers. The Century Mine deposit is characterised by 

a stratiform orebody, hosted mainly in a sequence of interlaminated siltstones and shales. It is 

overlain by the Proterozoic sandstone (Widdallion Sandstone) and with an unconformity by 

Cambrian Limestone (Thorntonia Limestone). 

 

 

Figure 3.2 (a) Surface geology of Century Mine deposit area; (b) schematic of the north–south and west–east 
sections; (c) main fault systems and minor faults mapped in the area (Modified from Broadbent et al. (2002) 
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The typical stratigraphy of Century Mine comprises Cambrian Limestone, Widdallion 

Sandstone, hangingwall shale-siltstone, mineralised sequence, footwall siltstone-shale, 

footwall black carbonaceous shales, Bulmung Sandstone and Black Shale. The presence of 

discordant veins of breccia along pre-existing fractures/faults is also not unusual, with widths 

varying from 0.1 to 34 m (Waltho and Andrews 1993; Andrews 1998). Surface geology and 

stratigraphy are shown in Figure 3.2. 

The deposit lies close to a major regional structure, the Termite Range Fault, often identified 

as a feeder zone for the main Century Mine mineralisation (Broadbent et al. 2002). It 

represents a zone of major shearing, striking northwest for at least 70 km in length and has 

undergone a complex history of reactivation. A significant offset recorded along this fault (a 

few hundred metres) was observed along the southeastern termination of the Century ore 

body and displays a sinistral component of displacement (Andrews 1998). A series of 

east–west normal faults delimitate the orebody, which is constrained in the south by Magazine 

Fault and in the north by Nikki’s Fault. One of those structures, denominated Pandora’s Fault, 

displaces the orebody into two major parts: the Northern and the Southern Block (Andrews 

1998) (Figure 3.2a). East–west discontinuities are poorly represented across the Lawn Hill 

Region and could be related to negative/positive flower structures parasitic to the Termite 

Range Fault (Feltrin 2008). Finally, within the orebody, numerous smaller scale northwest 

faults, parallel to the Termite Range fault direction, dissect the orebody. A conjugate set of 

steep dipping northeast faults has also been recognised at the deposit and regional scale 

(Bresser 1992; Broadbent et al. 2002) (Figure 3.2c). 

 

 

3.4 Southwest Wall settings and instability history 

Since mining commenced in 2007, the Southwest (SW) Corner has presented ongoing 

challenges for engineers on site, due to persistent stability problems. This paragraph serves as 

an overview to summarise the history of the instabilities in the area and the subsequent re-

design and remediation works undertaken. Moreover, there will be discussed some of the 

geotechnical investigations and slope stability assessments carried out before the beginning of 

the current research project. 

The SW Corner is developed within the footwall sequence and is dominated by the presence of 

thinly bedded shales (bedding space between 2 and 50 cm). Within the footwall sequence two 

main geotechnical domains have been identified: the Lower Footwall (LFW) and the Upper 
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Footwall (UFW). The LFW is dominated by low strength black carbonaceous shales, a tight and 

fair rock mass with bedding partings, continuous joints and occasional bedding shears. In 

comparison, the UFW comprises black laminated shales, a more competent rock mass with 

distinctive laminated bedding (Hendersonhall et al., 2010). Pandora’s Fault represents the 

main structure in the SW Corner and it delineates the boundary between the UFW and LFW 

shales domains. As previously mentioned, it is a gently to moderately north dipping, east–west 

striking normal fault, which displaces the orebody into two major blocks. However, in the 

southwest corner, Pandora’s Fault displays a sharp change in orientation from a strike of 

east–west to north-west.  

Preliminary investigations were conducted in 2007, which comprised 11 diamond-cored 

boreholes in the West Wall area to characterise those units (Lucas 2007). The Geological 

Strength Index (GSI) was estimated according to the relationship proposed by Hoek and Brown 

(1997): 

 

𝐺𝐺𝑆𝑆𝐼𝐼 =  𝑆𝑆𝑀𝑀𝑆𝑆89 − 5        (3.1) 

 

where 

RMR89 has the groundwater rating set to four and the adjustment for joint orientation set to 

zero. 

Intact rock parameters were determined with a series of Unconfined Compressive Strength 

tests (UCS), while rock mass strength and Young’s Modulus was then derived in terms of Hoek 

et al. (2002) and Hoek and Diederichs (2006) (Table 3.1). 

 

Table 3.1 Rock mass properties that are independent of stress range; *median value 

 
UCS 

(MPa) 
RMR89 

(*) GSI mi D mb s a 
Tensile 

strength 
(kPa) 

E 
(MPa) 

LFW 30 49 44 6 0.7 0.277 0.0003 0.509 32 2,520 

UFW 59 46 41 6 0.7 0.235 0.0002 0.511 32 2,418 

 

The slope was originally designed with a northeasterly trend dipping southeast. The geometry 

was intended to reduce possible movements on Pandora’s Fault, guaranteeing sufficient 
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weight at the toe of the fault. As bedding planes are generally oriented 45°/090° (dip/dip 

direction in mine grid), batters were design parallel to the bedding dips and with 12-24 m 

batter heights, 75° batter slopes, and 9 m benches. However, as the pit started to be exposed, 

a series of small scale wedge failures occurred, due to the intersection of bedding planes and a 

joint set oriented 67°/351°. By the end of 2008, after intensive rainfall, the wall experienced a 

deep seated wedge failure with cracks extended up to 40 m from the pit crest. Geotechnical 

data highlighted how the failure was delimited by the bedding planes and by Page Creek Fault, 

part of a set of steep dipping east–west trending faults, previously unknown (Figure 3.3). 

 

 

Figure 3.3 Overview of the January 2009 failure. A small scale wedge failure, generated by the intersection of 
bedding planes (45°/090°) and joint set (67°/351°) affected the wall. The major failure was related to the bedding 
planes and a previously unknown structure, named Page Creek Fault 

 

By 2010 a South Wall cutback was designed to change the original orientation of the pit wall 

and safely manage the risk associated with the wedge failure. However, just a few months 

after the excavation commenced the pit wall experienced a multi-batter wedge failure and 

several episodes of unravelling on bedding planes. Therefore, a series of new investigations 

were carried out to better understand the structures at depth (Kurukuk and Sweeney 2012). 

The analysis suggested that Page Creek Fault is part of a splay faults system originated to 

accommodate the change in trend of Pandora’s Fault, resulting in a rotated and deformed 

block that is highly sheared and broken. Bedding orientation trend appeared to change up to 

20° around Page Creek Fault, with consequent possible daylight in the design wall (Figure 3.4). 

Additional joint sets oriented 51°/187° and 51°/277° were also identified. Operations 

continued and the risk of instability was primarily managed though surface deformation 



Chapter 3 – Geotechnical analyses on the South West corner instability 
 

 

69 
 

monitoring (prisms and ground-based radar) (Sweeney and Abbott 2016). Generally, it was 

observed that the pit wall experienced periods of rapid acceleration (up to 10 mm/day) during 

the wet season and steady trend movements (less than 1 mm/day) for the rest of the year. By 

the end of 2012, an unexpected massive block of Carbonate Breccia (CBX), extending over five 

benches was fully exposed along Pandora’s Fault. As previously mentioned, the presence of 

CBX intrusions is not unusual in the deposit, although this was the first exposure of this size 

that had been observed and it was not anticipated at this location. The location and the shape 

of the CBX reconstructed by the drilling holes available in the area, suggests that the CBX may 

be a result of a large fault jog or dilation related to Pandora's Fault (Salvoni and Dight 2016). 

 

 

Figure 3.4 General geological-geotechnical settings of the SW Wall at MMG Century Mine; (a) front view of the pit 
wall in February 2013 with main geotechnical units and structural features; (b) plane view of the area indicating 
the complex variation of the bedding planes (modified from Kurukuk & Sweeney 2012) 
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Major concerns started to rise during the 2012-2013 wet season, with an increase of 

acceleration trend and the development of tension cracks up to 30 m behind the pit crest. A 

buttress at the toe of the slope was recommended by MMG Century to manage the observed 

progressive movement in the slope above the CBX block. The designers suggested flattening 

the overall slope angle from 40° to 28° from level 936RL to the expected final level (864RL). In 

order to assess the performance of the buttress as a stabilising measure, in May 2013, 

Sainsbury et al. (2013) conducted a three-dimensional numerical analysis with FLAC3D (Itasca 

Consulting Group Inc. 2011). 

The software is able to simulate anisotropic rock mass strength and deformation behaviour 

though the Ubiquitous Joint Rock Mass (UJRM) modelling technique. This method was 

developed to simulate the effect of embedded planes of weakness within a Mohr–Coulomb 

material (Sainsbury et al. 2008). In order to calibrate the UJRM a series of UCS and triaxial 

(σ3 = 2MPa) tests were simulated with β angles from 0° to 90°. Using the three-dimensional 

distinct element code Itasca’s 3DEC, a 5 m high sample was generated explicitly modelling the 

bedding set. Rock block strength was assigned of 15 MPa (50% of σci) in order to take into 

account the scale effect (Yoshinaka et al. 2008) and a GSI of 60 was estimated according to Cai 

et al. (2007b). Calibrated UJRM Material Input Properties are reported in Table 3.2. 

Bedding plane strength was assessed based on field observation and back analysis, with 

cohesion and friction angle of 80-88 kPa and 27-28° respectively. The geomechanical strength 

of the faults (c = 30kPa, φ = 22°) were derived from large scale back analysis of failures 

compiled by Barton (1974) and modified by Wyllie and Mah (2004). The CBX Domain was 

considered as an isotropic rock mass and modelled with Hoek–Brown material properties 

comprising UCS = 54 MPa, GSI = 60 and mi = 15, and D = 0.8. Ubiquitous Joints were then 

assigned to the model based on field observations and calibration was performed through 

prisms and radar data. 

 

Table 3.2 UJRM Material Input Properties 

 
LFW UFW 

Matrix  

UCS* (MPa) 15 19.3 

GSI 100 100 

mi 6 6 
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Modulus (GPa) 20.4 20.4 

Cohesion (MPa) 2.8 5.3 

Tension (kPa) 280 530 

Friction (°) 46 49 

Joint  

Cohesion (kPa) 80 88 

Friction (°) 28 27 

 

 

Figure 3.5 Possible case scenarios and failure mechanisms based on 2013 studies and numerical modelling 
(modified from Lucas 2013) 

 

The model highlighted how most likely a failure would occur along Pandora’s Fault through the 

buttress. Moreover, the instability could result in a deep seated failure mechanism, unravelling 

along Page Creek Fault and then extending along Pandora’s Fault. Figure 3.5 shows the 

possible case scenarios, based on Sainsbury’s numerical analysis (Lucas 2013). 

There were no indications on how extensive the rock mass was damaged behind the pit wall as 

direct access to the pit wall was limited for the installation of traditional subsurface monitoring 

instrumentations (inclinometers, piezometers and/or extensometers). For this reason, in 2013 

MMG management decided to engage the ACG to implement a microseismic monitoring 

system. As part of the project, further analyses were conducted to evaluate the current 

geotechnical model and to highlight any aspects that hadn’t been taken into account. 
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3.5 Stress measurements 

In the original numerical analysis (Sainsbury et al. 2013), it was assumed that the vertical in 

situ stress was lithostatic and the maximum horizontal in situ stress magnitude was two times 

the vertical stress magnitude acting east–west. These assumptions were based on the 

Northwest Queensland stress measurements database compiled by Lee (2015). However, it 

could be argued that regional measurements do not reflect local tectonics, which are a 

function of near faulted systems and directly related to ore placement (Bogacz 2001, 2004; 

Dight 2006). As discussed in the literature Hoek et al. (2009) recognised that stress 

measurements in open pits are seldom carried out and that it has been assumed that in situ or 

regional stresses do not have an impact on pit wall instabilities. 

For Century, in situ stresses were determined based on stress measurements conducted from 

available core samples of the CBX unit using Deformation Rate Analysis (DRA), more recently 

recognised as the rock memory technique. The approach relies on examining inelastic strain 

between two successive loading cycles of the stress–strain curves determined from uniaxial 

tests on rock samples (Yamamoto et al. 1990). The technique has been the object of several 

studies (Kuwahara et al. 1990; Yamamoto et al. 1990; Hunt et al. 2003; Villaescusa et al. 2003) 

and further improved by the work of Dight (2006) and Hsieh et al. (2013). 

 

 

Figure 3.6 Stress measurements results obtained using the DRA technique and measured from available samples 
of CBX units 

 

For the study, core samples were taken from a previous drill hole intercepting the CBX block at 

a depth of approximately 224 m below surface.  Based on the tests conducted by Hsieh (2014), 
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the ratios σ1/σ3 = 3.4 and σ2/σ3 = 2.6, with σ1 oriented northeast–southwest (Figure 3.6). It is 

important to highlight that these measurements refer to the in-situ pre-excavation stresses 

and are not influenced by the location and shape of the pit. This has been established by Dight, 

2006. The stress orientations are consistent with the structural geology of the major faults 

associated with the deposit as discussed later. 

These ratios are significantly higher than those assumed by Sainsbury et al (2013). The 

implications of the stress measurements and their important implications on the pit wall 

instability will be explored in the next paragraph. 

 

 

3.6 Geological structures considerations 

At the beginning of the project a review of the general structural model was undertaken by the 

author in order to better understand the possible contribution of structures for the instability 

in the SW Corner. Unfortunately, due to the limited access to area, most of the analysis was 

based on available core photos intercepting the faults, an early report written by King (1998) in 

the feasibility study and some regional studies in the area of the deposit (Broadbent et al. 

2002; Ord et al. 2002; Feltrin 2008). 

The investigations highlighted that there were some issues with the interpretation of some of 

the faults, in particular Page Creek Fault and some missing structures. Figure 3.7 shows a plan 

view of the major geological structures, which affect the SW Corner and relative stereonet.  

First of all, it is possible to notice the presence of Termite Range Fault running close to the 

deposit and oriented approximately 225°/80°. As previously mentioned the structure 

influences the regional geology of the area, determining positive and negative flower 

structures where mineralisation such as Century took place. Similar oriented small scale 

structures have also been mapped by Broadbent et al. (2002) at the deposit scale. Pandora’s 

Fault in this sense has been interpreted as a parasitic fault originated from Termite Fault, 

which has caused the offset of the deposit in two major blocks (Andrews 1998; Broadbent et 

al. 2002).  

A structure missing in the previous geotechnical model is presented here. This is named Creek 

Fault. The trace of the structure was reported by King (1998), in one of the structural 

investigation earlier reports, but not included in later structural model. The author of the 

report was able to map this steep dipping northeast strike-slip fault, based on aerial 

photogrammetry and field observations. The fault orientation is coherent with the northeast 
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steep dipping northeast faults that have also been recognised at the deposit and regional scale 

by Bresser (1992) and Broadbent et al. (2002). Analysis of the boreholes data drilled for the 

installation of the microseismic monitoring and discussion with MMG geotechnical team 

confirmed that most likely the shape of the Page Creek curvature behind the pit wall was 

erroneously interpreted.  

 

 

Figure 3.7 Stereoplot indicating the orientation of the major fault systems (above); plane view showing the pit 
geometry in February 2014 and the location of the same faults (below) 

 

Another interesting aspect of Creek Fault is the dextral shearing observed on Creek Fault, 

which according to King (1998) appears to have offset the northern section of Pandora’s Fault. 

Some of the work conducted by Feltrin (2008) seems to agree with this interpretation. In fact, 

all northeast regional faults appear to be a later (Cambrian) deformation stage, synchronous 

with repeated reactivation of the Termite Range Fault and with dextral strike-slip. The current 
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field stress measured from DRA is compatible with a dextral shear movement on Creek Fault, 

suggesting that since its formation the local stress may not have changed significantly. 

Taking all these factors into consideration, it could be that Page Creek Fault may represent an 

extension fault, which has splayed from Pandora’s Fault in order to accommodate the relative 

displacement caused by Creek Fault. Some confirmations on the origin of Pandora’s and Page 

Creek Faults can be deduced from the type of infill observable in the core available for 

Pandora’s and Page Creek Fault. As discussed in the previous paragraph Pandora’s Fault 

represents a major shear structure. However, looking at the core available intercepting the 

fault, often a combination of clay rich shearing and CBX is observed (Figure 3.8). Most likely 

the clay originates from large displacement whereas the breccia may have intruded at a later 

time. 

 

 

Figure 3.8 Example of core available at the interception of borehole MMG948 with Pandora’s Fault. The 
combination of high sheared material and CBX can be noticed. 

 

This would confirm the hypothesis that Pandora’s Fault is predominantly of shear type of 

origin, but at the same time in the SW Corner, the variation of the orientation has created a 

large scale fault jog, with local extensional conditions. On the other hand, for the few 

boreholes which intercept Page Creek Fault, there is no indication of the presence of clay 

gouge minerals or slickenside/shearing. The rock appeared more ‘crushed’ and often the zone 

is associated with narrow veins of calcite. A possible explanation is that the fault originated as 

a splay fault in order to accommodate the movements on Pandora’s Fault, maybe related to 

the later offset stage on Creek Fault.  
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Figure 3.9 Example of the intersection with Page Creek Fault observed on borehole CEGT005. It can observed how 
the fault is associated with fractured rock zone and narrow calcite veins. 

 

The most important aspect of the above observations is that the SW Corner has undergone a 

complex tectonic history, characterised by locally extensional conditions in a more general 

shearing context. This can have a significant influence on the stability of the area. It is well 

known that concave shape walls tend to be more stable than convex walls due to the 

beneficial effects of lateral confinement (Hoek et al. 2009). In this sense, the in situ stress 

orientations suggest that clamping may occur along the Pandora’s and Page Creek Faults 

contributing to stabilise the pit wall and reducing the possibility of a deep seated failure 

(Salvoni et al. 2015). However, stress release may occur due to the locally extensional 

conditions related to the complex geometry of the faults. The effect would be particularly 

relevant during intense rainfall events, such as during the wet season, which could partially 

decrease the effective stress along these structures allowing partial stress release and 

triggering shallower instabilities.  

As will be discussed in Chapters 4 and 5, this initial observation is also compatible with other 

field measurements and in particular from microseismic data. Moreover, the different 

characteristics between the two faults will also affect the seismic response between the two 

structures. To anticipate the concept, the presence of thick shear material in Pandora’s Fault 

will determine an aseismic response, with few weak microseismic events. On the other hand, 

the presence of fractured rock associated with narrow calcite veins will be able to produce 

more microseismic activity. 

 

 

3.7 Analysis of structural data 

As previously mentioned between, 2010 and 2011 a series of geotechnical investigations were 

carried out, including eleven diamond drill boreholes. Core was oriented using a simple 
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downhole spear device. The core was then marked up with a line down the core representing 

the bottom of the hole and measuring α and β angles of each defect. The true dip and dip 

direction have been then determined in DIPSTM 7.0 (Rocscience Inc. 2016)., with an automatic 

algorithm based on the stereographic method (Goodman 1976). Kurukuk and Sweeney (2012) 

highlighted how the bedding orientation in the area seems to be affected around major 

structures, making its geometrical reconstruction difficult. 

 

 

Figure 3.10 Mine plane in November 2013 with the location of drilling boreholes available in the area 

 

As part of the research project, in August 2013 four additional navi-drilled boreholes were 

drilled behind the pit crest for the installation of the microseismic system (Figure 3.10). These 

holes were geotechnical logged and the core was partially oriented. In addition, Terrestrial 

Digital Photogrammetry (TDP) technique was carried out to achieve a better understanding of 

the variation of bedding trends both on the surface and at depth. Photogrammetry has proved 

to be a powerful tool, especially in a slope with accessibility and safety issues, where 

traditional scanline or window mapping methods are not feasible (Sturzenegger and Stead 

2009). In March 2014, a photogrammetry survey was undertaken for the entire SW Corner. 

This was created by merging 73 images obtained with a 200 mm focal length from different 

positions within 1 km, surveyed with a Total Station (TS) (Figure 3.11). The mapping was 

performed using the software SirovisionTM and it was focused on three main areas, where 
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discontinuity traces were well exposed. Windows A and B were within the LFW unit, while 

window C was in the buttress (UFW unit).  

 

 
Figure 3.11 Photogrammetric image of the SW Corner used for mapping the discontinuities 

 

In order to obtain a complete description of the variation of the bedding over the entire slope, 

plane traces were systematically mapped along benches using the TDS point cloud. These data 

were integrated with borehole information, reaching a total number of 146 measured points. 

Including the South Wall mapping was particularly useful to avoid directional bias and 

underrepresentation of particular sets. Moreover, the discontinuities are better exposed than 

in the SW Corner, where the presence of the CBX block and the buttress doesn’t allow any 

measurements for the LFW unit. 

The discontinuity analysis from the large scale photogrammetry allowed evaluation of the 

spatial distribution of the bedding plane across the wall and with depth. For each mapping 

window, different subsets were recognised based on mapping observations and an analysis of 

the clustering properties was performed in DIPSTM 7.0 (Rocscience Inc. 2016). For each cluster 

the mean orientation of the bedding planes was obtained and the statistical variability in terms 

of Fisher constant (K) and angular variability limit was measured (Table 3.3). The first value 

gives an estimation of the dispersion of the data, with a higher K indicating a more tightly-

clustered set (Fisher 1953). Angular variability instead expresses the aperture of cones in 

which the poles are expected to fall within a specific probability (Priest 1985). Figure 3.12 and 

Figure 3.13 show the stereographic plot of the data for the three mapping windows. 
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Figure 3.12 Equal-angle, lower hemisphere stereo plots (poles of individual discontinuities and mean set planes) 
showing the orientation of bedding planes of subset in the LFW unit (Table 3.3) 

 

 

Figure 3.13 Equal-angle, lower hemisphere stereo plots (poles of individual discontinuities and mean set planes) 
showing the orientation of bedding planes of subset in the UFW unit (Table 3.3) 

 

Table 3.3 Orientation and statistics on bedding planes subsets for the different mapping windows 

Window # Bedding planes Samples 
Orientation 

dip/dip dir. (°) 
Fisher K 

Angular 
variability at 

2σ (°) 

A 
BD1 24 47/060 84 15 

BD2a 24 46/095 51 19 

B 

BD2a 25 46/106 108 13 

BD2b 16 33/110 154 11 

BD2c 16 24/099 147 11 

C BD3 41 41/111 77 16 
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From the stereographic projections, it can be easily noticed how the bedding planes have been 

affected by large scale folding, with the bedding plane dip direction changing up to 35°. A first 

hinge can be identified roughly in the middle of the upper section of the pit wall (window A), 

where the orientation varies from 46°/095° up to 47°/060° (Figure 3.14). A second hinge can 

also be observed in correspondence to Page Creek Fault, where the bedding plane trend 

changes again to 46°/106°. 

A second important aspect is that the South Wall exposure can also give an idea of the general 

trend in the inclination of the strata with depth. The mapping from window B shows that the 

dip of the bedding doesn’t remain constant with depth, but two main variations can be 

observed. At level 1015RL, the average dip changes from 46° to 33°, while at level 946RL from 

33° to 24° (Figure 3.15). In the buttress the orientation of the bedding planes remains constant 

with an average orientation of 44°/111°. 

Kinematic analysis by stereographic techniques was used for a preliminary identification of 

geometrically feasible structurally-controlled rock slope failure modes (Goodman 1989; Wyllie 

and Mah 2004). It was found that around Page Creek Fault, the intersection between this 

structure and rotated bedding planes could generate wedge failure at bench and multi-bench 

scales (Figure 3.16). In the section of the pit wall comprising the CBX block instead, as the 

bedding is becoming flatter with depth, this could result in local daylighting and consequent 

planar failure. However, the presence of the CBX block and the buttress seem to constrain this 

type of mechanism from fully developing (Figure 3.16). 

 

 

Figure 3.14 Details of the photogrammetric mapping for window A; it can be easily noticed how the bedding 
planes trend tends to change roughly in the middle of the pit wall, indicating some large scale folding 
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Figure 3.15 Details of the photogrammetric mapping for window B; notice how the bedding tends to become 
flatter with depth; in the upper section the dip is approximately 46°, while in the lowest section it is only 24° 

 

 

Figure 3.16 (a) Kinematic slope stability analyses for the area around Page Creek Fault; a typical bench angle of 
60° has been used; (b) Kinematic analysis for the main section of the pit wall; an overall angle of 40° has been 
used 

 

Photogrammetric data has also been used to determine the persistence and the spacing 

between bedding planes. As previously mentioned, former investigations highlighted how the 

bedding space is between 2 and 50 cm. However, looking at Figure 3.17, it is evident that the 

slope is characterised by the presence of large scale continuous bedding shear, which extend 

across several benches, with an average spacing of 10 m. Those geological features are most 

likely to play an important role in the stability problem.  
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Figure 3.17 Photogrammetric image of the South Wall, showing the presence of slope scale continuous bedding 
shear structures 

 

There are also two other relevant aspects that need to be discussed in this section, which will 

become important when discussing the microseismic data. The first one is the presence of 

thick clay material infill on some portions of these shearing bedding planes. The second is that 

these structures are characterised by large scale angulation or waviness (Figure 3.18). If both 

aspect are now taken into consideration, it is possible to expect how shearing along infilled 

bedding planes are more likely to be aseismic, in other words not able to generate a 

considerable amount to microseismic activity. On the other hand, the portions of these 

structures with local variation of bedding planes or cross-bedding structures are more prone to 

experience intact rock breakage and therefore to generate microseismic activity. 

 

 

Figure 3.18 Particular from a photo taken on the South Wall showing how bedding is locally affected by slope 
scale angulation with possible propagation of shearing along high and low angle structures 
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3.8 Rock mass characterisation 

The Rock Mass Rating (RMR89) has been evaluated for the three main geotechnical units: UFW, 

LFW and CBX. As the length of the logged interval is different, RMR results needed to be 

weighted for the interval. Unfortunately, as it is unknown if the data are normally distributed, 

so simply using weighted mean and standard deviation can be erroneous. For this reason, each 

interval was normalised to the lowest length observed in the logging (in this case 0.1 m) and 

then it was summed for each RMR bracket to the number of intervals. In this case, only the 

quartiles were calculated, as they don’t assume any distribution, but only describe the 

numbers which fall into the quartiles 25, 50 and 75%. 

The analysis was performed separately for each borehole. It was found that the values are 

quite consistent for boreholes CEGT0015, CEGT0016 and CEGT0017. However, for borehole 

CEGT0018, the RMR statistics for the LFW are much lower (Table 3.4). Looking at the photos 

available it can be noticed that the unit was logged adjacent to the contact between the LFW 

and the UFW unit. The boundary is marked by the presence of a highly sheared zone 

(Pandora’s Fault), with a thick intrusion of CBX and clay. Therefore, the RMR value is more 

likely to represent this particular zone of the slope rather that the entire rock mass. The 

observations just mentioned can also help to explain the reason why the 2007 RMR values 

(Table 3.1) were much lower for the LFW. In fact, the unit was also logged at the contact with 

Pandora’s Fault. 

 

Table 3.4 Statistical information obtained from the four drilled holes available 

CE
GT

00
15

, 1
6,

 1
7  

LFW 

CE
GT

00
18

 

LFW UFW CBX 

25% quartile 49 40 31 69 

50% quartile 56 49 41 71 

75% quartile 61 54 54 78 

Total metres 
logged 1,017 236 73 16 

 

For the CBX unit, the GSI estimated according to Hoek and Brown (1997) and based on the 50% 

quartile gives a value of 66. It is important to highlight how Hoek (2007) suggested that while 

at the beginning of the introduction of the GSI, the parameter was estimated directly from 

RMR, this correlation has been proven to be unreliable and the suggested standard field 

observation table should be used. More recently, Hoek et al. (2013) has suggested an 
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alternative empirical equation to estimate GSI from JCond89 (Joint Conditions) rating from 

Bieniawski (1989) and RQD (Rock Quality Designation) defined by Deere (1963).  

 

𝐺𝐺𝑆𝑆𝐼𝐼 =  1.5𝐽𝐽𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠89 − 𝑆𝑆𝑅𝑅𝑃𝑃/2        (3.2) 

 

The aim is to standardise the parameter and to solve issues with less experienced engineering 

geologists/mining engineers. For the project, the author has followed that standard approach 

and used field observations and high resolution images of the CBX outcrop (Figure 3.19). A 

value of GSI of 50 provided a reasonable estimation. 

  

 

Figure 3.19 High resolution image of the CBX block area 

 

Assessment of rock mass conditions for the shales is instead more difficult. Hoek et al. (2002) 

and more recent Marinos et al. (2005) highlighted how application of GSI in highly anisotropic 

rock is meaningless as shear strength of weakness planes control the failure. The approach 

becomes even more conservative when in the numerical analysis additional defects (e.g. 

discreet fracture network, Ubiquitous Joints) are introduced, as this approach tends to double 

account for the effect of discontinuities. In the case of Century, as discussed in the previous 

section the slope stability seems to be governed by the large scale continuous bedding planes 

with roughly 10 m spacing. Therefore, as will be discussed in Chapter 6, the author preferred 

to use a different approach to model the slope. 
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3.9 Intact rock properties 

3.9.1 Carbonate breccia unit 

A review of the available reports highlights (Golder Associates 1996; Lucas 2007) showed that 

the intact rock properties for the CBX haven’t been previously fully characterised. The main 

reason was probably because the original geological model expected this unit only as an infill 

in fractures/veins, rather than a separated geotechnical domain. Laboratory tests have been 

previously undertaken by Golder Associates (Golder Associates 1996) and Coffey Mining (Lucas 

2007) and are summarised in Table 3.5. As presented, the values of unconfined compressive 

strength (σc) show a great variability and no information was available for the Young’s modulus 

(E), Poisson’s ratio (ѵ) and tensile strength (σt). Looking at the results in Table 5, the mean and 

standard deviation for the compressive strength are 142.7 and 89.0MPa respectively.  

 

Table 3.5 UCS test results from previous investigations on the CBX unit; *standardised value of σc to 50 mm 
diameter specimens according to Hoek and Brown (1980) 

Tested by Unit Sample 
ID 

Diameter 
(mm) 

Density 
(kg/m3) 

σc 
(MPa) 

σc50* 

(MPa) 

Golder 
Associates 

CBX GA25 63.5 2,740 142.0 148.2 

Golder 
Associates 

CBX GA26 63.5 2,770 232.0 242.2 

Coffey 
Mining 

CBX ZCL556 63.5 2,430 54.0 56.4 

 

As there was not sufficient core available for a detailed mechanical characterisation of the 

unit, the author decided to obtain the sufficient specimens by subsampling the core using an 

18.5 mm drill bit. In total five specimens were tested for UCS and strain parameters, using a 

25 kN GDS VIS. Strain gauges were applied to some of the samples for determining the 

stress–strain curves. Ultrasonic tests were also conducted to determine compressional wave 

velocities (Vp). Moreover, three additional 60.5 mm diameter specimens were used for indirect 

tensile tests (Brazilian test). Results are presented in Table 3.6 and Table 3.7. 
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Table 3.6 UCS test results on the CBX unit 

Unit Sample 
ID 

Diameter 
(mm) 

Density 
(kg/m³) 

σc 
(MPa) 

σc50 
(MPa) 

E 
(GPa) ѵ 

Vp 

velocity 
(m/s) 

CBX CBT-A2 18.5 2,800 272.1 227.5 97.66 0.33 6,528 

CBX CBT-F1 18.5 2,780 254.4 212.7 85.08 0.29 6,614 

CBX CBT-C4 18.5 2,800 254.1 212.5 - - 6,612 

CBX CBT-E4 18.5 2,820 294.7 246.4 - - 6,704 

CBX CBT-F4 18.5 2,800 236.2 197.5 - - 6,660 

 

 

Table 3.7 Brazilian test results on the CBX unit 

Unit Sample 
ID 

Diameter 
(mm) 

Density 
(g/cm³) 

σt 
(MPa) 

CBX CBX-04 60.5 2,810 10.5 

CBX CBX-05 60.5 2,790 9.0 

CBX CBX-06 60.5 2,800 8.2 

 

In order to standardise the σc values, all results were converted to specimens with a diameter 

of 50 mm, using the following relationship proposed by Hoek and Brown (1980): 

 

𝜎𝜎𝑐𝑐50 =
𝜎𝜎𝑐𝑐

(𝑠𝑠/50)−0.18         (3.3) 

 

Where 

𝜎𝜎𝑐𝑐50 =  𝑈𝑈𝐶𝐶𝑆𝑆 𝑐𝑐𝑜𝑜 𝑐𝑐𝑝𝑝𝑐𝑐𝑝𝑝𝑐𝑐𝑠𝑠𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝𝑐𝑐 𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐 𝑤𝑤𝑝𝑝𝑣𝑣ℎ 𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑣𝑣𝑐𝑐𝑝𝑝 𝑐𝑐𝑜𝑜 50𝑝𝑝𝑝𝑝  

𝜎𝜎𝑐𝑐 = 𝑈𝑈𝐶𝐶𝑆𝑆 𝑐𝑐𝑜𝑜 𝑝𝑝 𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐 𝑤𝑤𝑝𝑝𝑣𝑣ℎ 𝑝𝑝𝑐𝑐 𝑝𝑝𝑝𝑝𝑏𝑏𝑝𝑝𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑣𝑣𝑐𝑐𝑝𝑝,𝑠𝑠  

 

Using the data so converted, some statistical analysis was undertaken to evaluate the average, 

median and quartiles for compressive and tensile strength (Table 3.8). 
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Table 3.8 UCS – statistical summary on the CBX unit 

Statistic σc50 (MPa) σt (MPa) 

Number of tests 5 3 

Minimum 197.5 8.2 

25% quartile 212.4 8.6 

Median 212.7 9.0 

75% quartile 227.5 9.7 

Maximum 246.4 10.5 

Mean 219.3 9.2 

Standard deviation 18.5 1.16 

 

From an overview of the data, it can be observed how the range of strength in the CBX seems 

to be related to the density of the rock. In fact, the lowest UCS values also correspond to the 

lowest density measured (Sample ZCL556). It is therefore evident how the parameters for the 

UCS parameters used for the model represented very conservative values, compared to the 

actual strength of the unit. In fact, as discussed in the kinematic analysis paragraph, the CBX 

represents a key point for the stability of the wall. 

Additionally, two triaxial tests were performed in order to provide an idea of the mi value to 

use to define the rock mass strength in terms of the Hoek and Brown Criteria (Table 3.9). From 

the literature it is suggested that mi should be 19±5. Data were plotted using the software 

RocData and fitted using the Levenberg–Marquardt fitting algorithm (Figure 3.20). In the case 

of the CBX a value of 20 for the mi seems reasonable, with a UCS value of 184.6 MPa. Based on 

these data and the GSI value estimated in the previous Section, rock mass properties were 

updated (Table 3.10). A disturbance factor D of 0.8 was applied to take into account the 

blasting effect that may have affected the CBX block. Comparison between the estimated 

Mohr–Coulomb parameters using the previous and updated values gives an idea of the 

difference in strength. 
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Figure 3.20 σ1-σ3 plot of the data obtained from UCS, triaxial and Brazilian tests 

 

 

Table 3.9 Triaxial test results on CBX unit 

Hole Unit Sample 
ID 

Diameter 
(mm) 

Density 
(kg/m³) 

σ1 
(MPa) 

σ1 50 
(MPa) 

σ3 
(MPa) 

CEGT0018 CBX CBX-T1 18.5 2,080 271.0 226.5 5 

CEGT0018 CBX CBX-T2 18.5 2,810 293.4 234.9 10 

 

 

Table 3.10 Rock mass properties expressed in terms of Mohr–Coulomb failure criteria using the previous and the 
updated parameters (CBX unit) 

 
C 

(MPa) φ 
Tensile 

strength 
(MPa) 

E 
(MPa) 

CBX (previous) 0.4 56 0.09 17,086 

CBX (updated) 0.5 62 0.1 9,152 
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3.9.2 Lower Footwall shale (UFW) 

The rock mechanic characteristics of this unit have been previously investigated by Coffey 

Mining (Lucas 2007) and are summarised in Table 3.11. In the report, the angles between the 

load direction and the bedding (β) were not provided. In most mining applications, the 

mechanical response of the rock is considered isotropic. However, in certain types of rock, 

such as shale, the strength of the rock changes with the direction of loading compared to the 

plane of weakness.  

One of the first authors to identify this type of behaviour was Jaeger (1960), who derived the 

shear strength induced by sliding along the discontinuity as follows: 

 

𝑆𝑆1(𝛽𝛽) =  𝜎𝜎1 (𝛽𝛽) − 𝜎𝜎3 (𝛽𝛽) =
2(𝑐𝑐𝑤𝑤 + 𝜌𝜌3 tan∅𝑤𝑤)

(1 − tan∅𝑤𝑤 cotan𝛽𝛽) sin 2𝛽𝛽
        (3.4) 

 

Where 

𝑐𝑐𝑤𝑤 = 𝑐𝑐𝑐𝑐ℎ𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐 𝑐𝑐𝑜𝑜 𝑐𝑐𝑜𝑜 𝑣𝑣ℎ𝑐𝑐 𝑠𝑠𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑏𝑏𝑝𝑝𝑣𝑣𝑝𝑝 

∅𝑤𝑤 =  𝑜𝑜𝑝𝑝𝑝𝑝𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐 𝑝𝑝𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐 𝑐𝑐𝑜𝑜 𝑣𝑣ℎ𝑐𝑐 𝑠𝑠𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑏𝑏𝑝𝑝𝑣𝑣𝑝𝑝  

𝑆𝑆1(𝛽𝛽) =  𝑝𝑝𝑝𝑝𝑚𝑚𝑐𝑐𝑝𝑝 𝑠𝑠𝑐𝑐𝑤𝑤𝑝𝑝𝑝𝑝𝑣𝑣𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐 𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑣𝑣 𝑜𝑜𝑝𝑝𝑝𝑝𝑐𝑐𝑏𝑏𝑝𝑝𝑐𝑐 𝑜𝑜𝑐𝑐𝑝𝑝 𝑣𝑣ℎ𝑐𝑐 𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 𝑤𝑤𝑝𝑝𝑣𝑣ℎ 𝛽𝛽  

 

The idealised distribution of rock strength is represented in Figure 3.21. As can be noticed for 

values approaching β = 0° or 90°, slip on the plane cannot occur and failure propagates 

through the intact rock material. On the other end, it can be found that the minimum strength 

occurs at and β = 45-φ/2, where φ represents the friction angle. In this case failure occurs as 

slip along the discontinuity plane. In most of the cases it was noticed that the minimum 

strength is reached for a β angle between 30°-45°. Moreover, as confining pressure increased, 

the effect tends to be reduced.  
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Figure 3.21 Jaeger criterion showing strength variation versus β at different level of confinement 

 

For this reason, an analysis of the core photos was undertaken to evaluate the angle of 

bedding for each sample. Subsequently, the values of σc were plotted against β to evaluate the 

anisotropic strength variation (Figure 3.22). The most important finding is that simply taking 

the 50% quartile of the UCS, without taking into account the anisotropic effect may introduce 

conservatism in the design process. In fact, this approach tends to mix what is the effect of the 

intact rock properties and the discontinuity strength. This is especially important when a 

discrete fracture network is used in the modelling. This will introduce double accounting of 

their effect in the stability analysis.  

However, it was not possible to establish a reliable correlation and the data show a high 

variability. In particular at β=70° the compressive strength varies from 9.3 to 90.4MPa, with a 

standard deviation of 31.3 MPa.  

 

Table 3.11 UCS test results from previous investigations on LFW unit 

Tested by Unit Sample 
ID 

Diameter 
(mm) 

β 
(°) 

Density 
(kg/m3) 

σc 
(MPa) 

Coffey 
Mining 

LFW CM22 63.90 90 2,620 154.8 

Coffey 
Mining 

LFW CM09 63.40 70 2,530 31.5 
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Coffey 
Mining 

LFW CM10 63.59 70 2,670 9.3 

Coffey 
Mining 

LFW CM21 63.97 70 2,650 50.6 

Coffey 
Mining 

LFW CM25 63.65 70 2,600 90.4 

Coffey 
Mining 

LFW CM26 63.42 70 2,650 67.3 

Coffey 
Mining 

LFW CM27 63.60 50 2,580 21.6 

Coffey 
Mining 

LFW CM20 63.82 50 2,640 41.9 

 

 

Figure 3.22 Variation of σc with β (previous investigations) 

 

For these reasons, a new series of tests was carried out to provide further information on the 

anisotropic strength and strain variation. In order to obtain these details a series of 14 

specimens were tested under uniaxial conditions. As core in different orientations to the 

bedding was not available, 12 samples were obtained by subsampling a rock block using an 

18.5 mm drill bit. This type of approach allowed the author to fully describe the anisotropic 

behaviour without having core available. However, the subsampling process was extremely 
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difficult and time-consuming, as a high percentage of samples tended to break along bedding 

planes. 

Samples were cored at different directions with respect to the plane of anisotropy at 0°, 30°, 

60° and 90° to the bedding. Specimens at 15° were prepared from the core provided by MMG 

(~60.5 mm). For each angle, one sample was also tested to evaluate the Young’s modulus and 

Poisson’s ratio. Acoustic emission was also used to estimate the velocity of P-waves for each 

sample. Also in this case σc results were converted to σc50 using the relationship in Equation 3.3 

and are shown in Table 3.12. In Figure 3.23 the values of σc50 against β are plotted. The 

relationship proposed by Jaeger (1960) was used to fit the data and the average for σc50, E and 

ѵ are also presented. 

 

Table 3.12 UCS test results for the LFW unit 

Unit Sample 
ID 

Diameter 
(mm) 

β  

(°) 

Density 
(kg/m³) 

σc 
(MPa) 

σc50 

(MPa) 
E 

(GPa) 
ѵ Vp 

velocity 
(m/s) 

LFW SH 0-01 18.5 90 2,590 138.1 115.5 24.8 0.21 3,779 

LFW SH 0-02 18.5 90 2,600 125.3 104.8 - - 3,693 

LFW SH 0-03 18.5 90 2,580 118.5 99.1 - - 3,769 

LFW SH 30-01 18.5 60 2,580 85.8 71.7 25.5 0.20 3,891 

LFW SH 30-02 18.5 60 2,580 97.4 81.4 - - 3,824 

LFW SH 30-03 18.5 60 2,590 104.3 87.2 - - 3,918 

LFW SH 60-01 60.0 30 2,580 17.0 14.3 - - - 

LFW SH 60-02 18.5 30 2,610 16.3 13.6 17.9 0.16 3,990 

LFW SH 60-03 18.5 30 2,600 23.6 19.7 - - 4,052 

LFW SH 75-01 60.5 15 2,570 45.8 47.4 - - - 

LFW SH 75-01 60.5 15 2,590 33.4 34.6 - - - 

LFW SH 90-01 18.5 0 2,550 124.9 104.4 37.7 0.19 4,365 

LFW SH 90-01 18.5 0 2,580 156.6 130.9 - - 4,204 

LFW SH 90-01 18.5 0 2,600 147.5 123.3 - - 4,200 
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Figure 3.23 Variation of σ50, E and ѵ with β 

 

The test results indicate a good correlation with the expected anisotropic behaviour. In fact, 

the rock mass is dominated by two main mechanisms. The first one is related to sliding along 

weakness planes (bedding), while the second one is influenced by the intact rock mass 

properties. Using the mathematic relationship proposed by Jaeger (1960), intact shear 

strength values (cohesion and friction angle) of 4 MPa and 28° were established for bedding 

and 22 MPa and 45° for the intact rock. 

However, researchers that followed Jaeger’s work have also highlighted how in some rocks, 

the maximum strength occurs at β = 0°, while in other rocks, it occurs at β = 90°. In the case of 

LFW, the highest UCS corresponds to a direction of loading parallel to the bedding plane and 

the shape of the anisotropy curve can be classified as shoulder type (Ramamurthy 1993). 

Singh et al. (1989) have also proposed a qualitative method to define the degree of anisotropy, 

defined as: 

 

𝑆𝑆𝑐𝑐 =
𝜎𝜎𝑐𝑐(90)

𝜎𝜎𝑐𝑐(min)
        (3.5) 
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where 

𝑆𝑆𝑐𝑐 =  𝑠𝑠𝑐𝑐𝑟𝑟𝑝𝑝𝑐𝑐𝑐𝑐 𝑐𝑐𝑜𝑜 𝑝𝑝𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝  

𝜎𝜎𝑐𝑐(90) =  𝑈𝑈𝐶𝐶𝑆𝑆 𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑠𝑠𝑝𝑝𝑐𝑐𝑏𝑏𝑐𝑐𝑝𝑝𝑝𝑝 𝑣𝑣𝑐𝑐 𝑣𝑣ℎ𝑐𝑐 𝑝𝑝𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑜𝑜 𝑝𝑝𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝  

𝜎𝜎𝑐𝑐(min) =  𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑏𝑏𝑝𝑝 𝑤𝑤𝑝𝑝𝑐𝑐𝑏𝑏𝑐𝑐 𝑐𝑐𝑜𝑜 𝜎𝜎𝑐𝑐 , 𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 𝑝𝑝𝑣𝑣 𝛽𝛽 𝑏𝑏𝑐𝑐𝑣𝑣𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐 30° 𝑝𝑝𝑐𝑐𝑠𝑠 45° 

According to this relationship Rc>6, categorising the UFW as very highly anisotropic. 

As for the CBX unit before, a statistical analysis was carried out to estimate the average, 

median and quartiles for compressive strength (Table 3.13). 

 

Table 3.13 UCS – statistical summary on the LFW unit 

Statistic σc50 (MPa) 

Number of tests 14 

Minimum 13.6 

25% quartile 37.8 

Median 84.3 

75% quartile 103.3 

Maximum 130.9 

Mean 74.9 

Standard deviation 41.6 

 

Moreover, additional triaxial (Table 3.14) and Brazilian (Table 3.15) tests were carried out to 

determine the mi value for the estimation of rock mass properties in terms of Hoek and Brown 

failure criterion. The number of samples available for the Brazilian tests was limited, as not 

many fresh core samples were available. According to the literature for shale the value 

recommended is 6±2. However, several authors (Colak and Unlu 2004; Saroglou et al. 2004) 

recognised how the mi values vary with the orientation angle. Therefore, it was decided to 

determine the value for a β equal to ‘0° and 90°’ to determine the mi value for intact rock 

behaviour. A few tests were also done at β equal to 30° to give an idea of how much the value 

changes.  
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 Table 3.14 Triaxial test results on the LFW unit 

Unit Sample 
ID 

Diameter 
(mm) 

β  

(°) 

Density 
(kg/m³) 

σ1 
(MPa) 

σ1 50 
(MPa) 

σ3 
(MPa) 

LFW SH-T1 18.5 90 2,590 117.7 98.4 5 

LFW SH-T2 18.5 90 2,550 138.8 116.0 10 

LFW SH-T3 18.5 90 2,630 150.4 125.7 15 

LFW SH-T4 18.5 90 2,560 152.6 127.5 20 

LFW SH-T5 18.5 0 2,610 147.6 123.4 5 

LFW SH-T6 18.5 0 2,590 116.8 97.6 5 

LFW SH-T7 18.5 0 2,600 140.7 117.6 5 

LFW SH-T8 18.5 0 2,580 176.7 147.7 10 

LFW SH-T9 18.5 0 2,620 119.9 100.2 10 

LFW SH-T10 18.5 0 2,600 140.8 117.7 10 

LFW SH-T11 18.5 0 2,560 128.1 107.1 10 

LFW SH-T12 18.5 0 2,580 159.0 132.9 15 

LFW SH-T13 18.5 0 2,600 161.4 134.9 15 

LFW SH-T14 18.5 0 2,570 177.5 148.4 20 

LFW SH-T15 18.5 30 2,570 14.1 11.7 5 

LFW SH-T16 18.5 30 2,600 45.8 38.3 10 

 

Table 3.15 Brazilian test results on the LFW unit 

Unit Sample 
ID 

Diameter 
(mm) 

β  

(°) 

Density 
(g/cm³) 

σt 
(MPa) 

LFW SH-B1 60.5 90 2.59 -7.9 

LFW SH-B1 60.5 0 2.58 -4.2 

LFW SH-B1 60.5 30 2.60 -1.5 

LFW SH-B1 60.5 30 2.58 -2.7 
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Figure 3.24 σ1-σ3 plot of the data obtained from UCS, triaxial and Brazilian tests by β = 0 and 90 

 

 
Figure 3.25  σ1-σ3 plot of the data obtained from UCS, triaxial and Brazilian tests by β = 30 

 

Looking at Figure 3.24 Figure 3.25 it can be easily noticed how two values for the mi can be 

estimated. The value of this parameter normal and perpendicular to the direction of loading is 

about seven, while at the minimum strength (β= 30°) a value of four is suggested. 
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Despite the limited number of tests conducted, the results show that the parameters used to 

calibrate the numerical analysis were effectively conservative. In fact, a UCS value of 30 MPa 

assumed tend to mix between the behaviour of the intact rock and plane of weakness 

strength. In general, this investigation highlighed the importance of better undestanding test 

results before embarking on complex numerical analysis. 

 

 

3.10 Other considerations not previously taken into account 

It is important to highlight how all the previous mechanical properties are referred to fresh 

rock. An important aspect that hasn’t been taken into account in the previous investigations is 

the effect of weathering related to the progressive exposure of the wall. Several studies 

(Taylor and Smith 1986; Walkinshaw and Santi 1996; Marques et al. 2005) recognised that 

when shales are exposed to air or water they can rapidly decompose and affect the stability of 

slopes and excavations. This effect also influenced other considerations. One of the biggest 

assumptions in geotechnical engineering is that surface deformation reflects the behaviour of 

the slope at depth. In the case of Century, this may not be true. During one of the visits to the 

Century core shed it was quite evident that the black shale tended to rapidly deteriorate when 

exposed to the open air condition. Figure 3.26 shows an example of the same core just after 

the drilling and a few months after.  

 

 
Figure 3.26 An example of the degradation process of the LFW shales when exposed; (a) photo taken at the time 

of drilling (hole CEGT005; drilling program 2011); (b) photos taken after a few months  
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Franklin (1981) highlighted how in shales with low durability mechanisms of slaking, erosion 

and surface creep are dominant. A possible explanation for this behaviour is the high content 

of the sulphide mineral pyrite (FeS2). Observing the exposure in the SW Corner it is evident 

how the surface has been affected by high degradation with leaching of sulphite salt mineral. 

The phenomenon is particularly clear in the LFW shale, while the UFW shale appears less 

reactive (Figure 3.27 and Figure 3.28). These observations are quite important as normally 

weathering effects in the mine lifetime tend to be ignored. However, this can have a huge 

impact in terms of potential failure mechanisms and legacy problems. In the case of Century it 

seems than the deformation occurring on the surface may be driven by the weathering and 

assuming a rigid block movement could be erroneous.  

 

 

Figure 3.27 Photos of the SW Corner in February 2014; it can be easily noticed the presence of sulphite salts (in 

white) affecting the surface in correspondence with the black carbonaceous shale unit 

 
Figure 3.28 Particular of the shale aspect near the surface; it can easily be noticed how the material is completely 
weathered 
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3.11 Discussion and conclusion 

As part of the current research, a forensic investigation has been carried out in order to better 

understand potential mechanisms. From the analysis the following conclusions can be drawn: 

• Slope stability in the SW Corner seems strongly dominated by continuous large scale 

shear structure; 

• Two main structural control mechanisms can be identified. The first one is a wedge 

type, caused by the intersection of rotating bedding planes and Page Creek Fault. The 

second one is the possible development of a planar failure involving possible daylight 

of the continuous shear bedding planes. However, both the buttress and the CBX 

block seem to have limited this mechanism’s development; 

• Stress measurements indicated some possible clamping of Page Creek and Pandora’s 

Fault. However, stress release may occur due to local variation in the fault 

orientations, which has determined extensional conditions associated with CBX and 

calcite veins. Intense rainfall can trigger this mechanism, reducing effective stress and 

facilitating lateral stress release of these fault; 

• Geomechanical parameters used in the numerical model for the CBX block are 

excessively conservative and this could negatively affect the overall model; 

• Characterisation of the black shale unit tended to mix the effect of the intact rock 

properties and the discontinuity properties. Using previous parameters in the 

numerical model would have double accounted for the effect of discontinuities, 

making the model very conservative. Attention should always be paid in evaluating 

test results, before any modelling is attempted; 

• Shale at Century is affected by an intense weathering process most likely related to the 

degradation in sulphite mineral. The possible effect of this zone on the stability of the 

pit wall has not been previously considered. Calibration of numerical modelling 

assuming a rigid block can be erroneous, considering that deep deformation may be 

obliterated by creeping of shallow weathered surfaces. 
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4 Surface deformation monitoring data analysis 

4.1 Introduction 

In most mining operations, surface movements have been monitored using traditional 

geodetic survey (Hawley et al. 2009). This offers the advantage of having a wide coverage of 

the mine slopes and providing accurate information about the magnitude and direction of the 

movements. Survey monitoring relies on the measurement of horizontal and vertical angles 

and the distance of a series of optical targets (prisms) from electronic total stations in relation 

to reference points. Total stations are normally placed on the pit crest, ensuring full view of 

the prisms and some reference points. It is fundamental that both total stations and reference 

points are on stable ground (Hawley et al. 2009). As atmospheric conditions can influence the 

measurements, temperature/atmospheric conditions are incorporated into the instruments 

for correction (Osasan and Afeni 2010). Some of the limitations of prism monitoring is that 

targets represent only a single point and are in general widely spaced (30-40 m). Moreover, 

targets can be damaged or lost and there may be difficulty having access to the surface and 

replacing those that have been lost (Little 2006). For these reasons, ground-based radar 

monitoring is becoming increasingly popular in the industry (Harries et al. 2006; Little 2006; 

Hutchison et al. 2015). In fact, one of the big advantages is that it allows one to obtain a full 

coverage of critical areas, in nearly real-time acquisition and with high precision. 

The technology of the radar is based on the detection of distance and direction by transmitting 

and receiving electromagnetic waves. The distance is simply evaluated using the difference in 

time (time of flight) between the transmission and the reception of the signal pulse. Currently 

there are two main classes of radar used in the industry. A first class, called real aperture radar 

(RAR) consists of a large parabolic high-gain antenna, which can rotate in azimuth and 

elevation scanning the slope surface (McHugh et al. 2006). On the other hand synthetic 

aperture radar (SAR), takes advantage of a low-gain antenna moving along a guide to simulate 

a large antenna and create a vertical stripe (Pieraccini 2013). A schematic concept of working 

principles for the two types of radars is presented in Figure 4.1. More detailed description of 

the difference between the two classes of radar is provided by Bellet et al. (2015). A significant 

limitation though, independently of the radar used, is that this instrument can only measure 

the variation of the distance towards its line-of-sight (LOS) (Severin et al. 2014). This implies 

that the full 3D direction of movements cannot be directly obtained. 
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Figure 4.1 Schematic of the principles of RAR and SAR technologies and photos of the instruments (modified from 
Bellet et al. 2015) 

 

In this chapter, firstly historical prism data are used to better understand the evolution pattern 

of the slope deformation in relation to the excavation. Secondly, data acquired by both prisms 

and ground-based radar during the 2013-2014 wet season will be combined to obtain a clearer 

image of the instability and infer the evolution of different rockslide sectors. The main aim of 

this part of the research is to unravel the spatial and temporal pattern of displacements in 

relation to the instability evolution. As will be discussed in the next chapter, understanding the 

mechanisms acting on the surface will be of fundamental help to comprehend the meaning of 

the microseismic data. 

 

 

4.2 Analysis and interpretation of surface monitoring data 

4.2.1 Prism monitoring network historical data 

Safe and effective mining operations below the Southwest (SW) Wall have primarily been 

managed by surface displacement monitoring. In October 2010, the network comprised 23 

optical targets, mainly set up along the West Wall and behind the pit crest of the SW corner. 

With the progressive exposure of the pit, most of the area was covered, reaching a total 

number of 144 geodetic prims in December 2013. However, as ground deformation gradually 
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increased, installation of new instruments in the already excavated area was not feasible, 

leaving a significant portion uncovered. For this reason, in early 2011 a real aperture ground-

based radar provided by Reutech was added to the monitoring network (MMG Geotechnical 

Team 2014). 

Firstly, the time series of displacements, acquired between October 2010 and December 2013 

was analysed. Data were exported from the software Quickslope 5 (Soft Rock 2014) as .csv files 

containing time and coordinates of the optical targets and imported into mXrap v.5 (Harris and 

Wesseloo 2016). Following this, an app was created to automatically calculate and visualise in 

3D the data. Figure 4.2 illustrates the ground deformation and daily rainfall for different areas 

of the slope from October 2010 to December 2013. As mentioned earlier, the pit wall 

experienced periods of rapid acceleration during the wet season, normally occurring between 

November and March and steady trend movements during the dry season. During the 2010-

2011 and 2011-2012 wet seasons, nearly instantaneous rapid displacement proceeded and 

followed periods of slow movements. However, during 2012-2013, a change in behaviour of 

the slope can be observed, with deformation characterised by an acceleration phase, 

according to a power law, followed by a slow deceleration phase. This suggested that at least 

on the surface the rock mass has changed from elastic to seasonal creep phase. 

 

 

Figure 4.2 Ground displacements recorded by the prism monitoring and daily rainfall between October 2010 and 
December 2013 in different areas of the slope 

 



Chapter 4 – Surface deformation monitoring data analysis 
 

 

103 
 

It is noteworthy that the change in behaviour doesn’t coincide with a particularly intense 

period of rainfall. In fact, during the previous wet seasons, it can be observed how the 

cumulative amount of precipitation was much higher. This change in trend can be explained by 

looking at the displacement patterns for the different mine slope excavation phases (Figure 

4.3). In fact, it can be noticed how the change in behaviour coincides with the full exposure of 

the CBX block, occurring during March 2012. It also appeared that movements were reduced 

by the presence of the CBX block, which was acting as a natural buttress while slowly being 

pushed out in a toppling or rotation manner (i.e. active-passive wedge). This confirmed that 

the CBX block represents a key point for the stability of the pit wall, constraining the 

deformations related to the flatter bedding.  

 

 

Figure 4.3 Time windows representing the total cumulative displacements and vectors of movement from 
October 2010 to December 2013. Each image displays a snap shot of the style of activity for different subareas 
and progression of mining excavation 
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4.2.2 2014 instability reactivation 

During the 2013-2014 wet season a significant reactivation of the slope was detected. 

Particularly, between February and May 2014, a rapid acceleration of surface deformations 

was observed, with cumulative displacements up to several metres recorded by both prisms 

and ground-based radar monitoring systems (Figure 4.4 and Figure 4.5). In order to achieve a 

complete image of surface deformations, both data were imported into mXrap v.5 (Harris and 

Wesseloo 2016) and combined for visualisation. As shown in Figure 4.4 this allows one to 

easily identify the behaviour for different sectors of the slope. 

 

 

Figure 4.4 3D view showing the total LOS displacements measured between 1st February and 9th April 2014 from 
ground-based radar data available (negative displacements: moving towards the sensor). Also provided in the 
figure are the vectors of movement for the prism available (length of the vector is scaled based on the magnitude 
of displacement) 
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Figure 4.5 Displacement patterns for different areas of the slope from prism network and daily rainfall 
observations (1st February to 31st May 2014) 

 

After several days of rainfall, from the 15th February 2014 a reactivation of movements in 

proximity of the wedge failure, in the upper section of the pit wall and in the CBX started to be 

observed. On the 23rd February 2014 surface movement began to dramatically increase 

reaching a peak of 254 mm/day from the middle of March to the middle of April. At the same 

time, a localised planar failure (~10 m depth) occurred in the lower section of Page Creek Fault 

(Figure 4.6a). The buttress area remained relatively stable with a displacement of 50 mm in 

four months, except for a shallow slip zone determined by the intersection between Pandora's 

Fault and a thin weak layer (Figure 4.6b). With the progressive rotation of the CBX, fractures 

were detected behind the block, followed by its partial detachment from the wall (Figure 4.6c). 

New tensile cracks and scarps formed behind the pit crest (Figure 4.6d). Lipping (differential 

displacement) was also observed in the right corner at the base of the CBX block. From the 

middle of April 2014, slope deformations gradually decreased, reaching a steady rate of 15 

mm/day in July 2014.  
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Figure 4.6 February to May 2014 instability reactivation; (a) localised planar failure along the lower section of 
Page Creek Fault; (b) shallow slip zone in the buttress; (c) CBX block active-passive wedge mechanism, with 
rotation and consequent detachment; (d) tensile cracks and scarps development within 25-30 m from the pit 
crest 

 

At this stage it is important to compare the observed deformation to what was predicted by 

the 2013 numerical modelling (Sainsbury et al. 2013). Firstly, with the progression of mining 

only minor deformation occurred in the buttress, which remained relatively stable. In fact, 

except in the area where a shallow slip on a tuffaceous band was observed, total cumulative 
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displacements between June 2013 and May 2014 ranges between 62 and 156 mm. This seems 

to confirm that the current wall configuration had effectively constrained the instability to the 

upper section of the pit wall. 

Other important indications come from the extension of the damage behind the pit crest, as 

shown in Figure 4.7. First of all, the significant deformations are constrained within 30 m from 

the crest, which coincides with the presence of scarp and tensile cracks. Further away from the 

wall, cumulative displacement recorded between June 2013 and June 2014 ranges between 53 

and 117 mm. Even looking at the area delimited by the scarps, total deformations for the same 

time period are relative smaller (max. 1.5 m) compared to the surface (8 to 16 m) and it only 

started after the partial detachment of the CBX from the wall. 

 

 

Figure 4.7 Cumulative total displacements between June 2013 and May 2014 behind the pit crest 

 

Given all this information, a preliminary interpretation of the instability mechanism/s can be 

postulated. Close to the surface, the rock slope behaviour seems dominated by the effect 
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related to the weathering. Given that prisms close to the surface had already between 1 and 

1.5 m of deformation after the 2012-2013 wet season, this part of the slope was no longer 

behaving as elastic material and it had completely lost its original mechanical properties. As 

mining progressed and the CBX block was uncovered, this unravelling material has slowly 

pushed out and rotated the CBX block. Consequently, an active-passive wedge mechanism had 

started, mobilising shear strength of the flatter bedding planes in the shale behind the 

carbonated unit. With the reactivation of the instability in 2014, the mechanism seems to have 

reached its final stage, with the partial detachment of the CBX block and the progressive 

yielding of the material within 25-30 m from the crest. This part of the slope can be considered 

as failed and it is held in place only by the presence of the CBX. However, without further 

information of the rock mass behaviour at depth, this hypothesis cannot be totally confirmed. 

Moreover, at this stage it is not possible to completely exclude that a deep seated failure may 

have been initiated. However, as will be discussed in the following chapters, microseismic data 

and numerical analysis will help to clarify some of these initial interpretations. 

 

 

4.3 Pseudo 3D deformation mapping from two radars 

4.3.1 Radar monitoring limitations 

Due to the large deformation occurring on the wall, local areas of the prism network have 

been destroyed and surface data for these areas are only available from the radar. As 

previously mentioned, ground-based radar can only measure displacement variation along the 

line-of-sight (LOS). As shown in Figure 4.8 considering a moving target on the wall, the radar is 

only able to measure the component representing the projection of the real displacement 

along the LOS.  

For this reason, further investigations were conducted on the available data at Century Mine 

to quantify the percentage of underestimation of the actual movement. The first step was to 

calculate the LOS (u�⃗ ) and prism vector (v�⃗ ) as follows: 

 

  𝑏𝑏 = [𝑖𝑖𝑟𝑟 −  𝑖𝑖𝑖𝑖 𝑝𝑝𝑟𝑟 −  𝑝𝑝𝑖𝑖 𝑇𝑇𝑟𝑟 −  𝑇𝑇𝑖𝑖] = [𝑏𝑏1 𝑏𝑏2 𝑏𝑏3]        (4.1) 

  𝑤𝑤 = [𝑖𝑖𝑓𝑓 −  𝑖𝑖𝑖𝑖 𝑝𝑝𝑓𝑓 −  𝑝𝑝𝑖𝑖 𝑇𝑇𝑓𝑓 −  𝑇𝑇𝑖𝑖] = [𝑤𝑤1 𝑤𝑤2 𝑤𝑤3]        (4.2) 
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where 

[𝑖𝑖𝑓𝑓 𝑝𝑝𝑓𝑓 𝑇𝑇𝑓𝑓] = 𝑜𝑜𝑝𝑝𝑐𝑐𝑝𝑝𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑠𝑠𝑝𝑝𝑐𝑐𝑝𝑝𝑣𝑣𝑐𝑐𝑐𝑐 

[𝑖𝑖𝑖𝑖 𝑝𝑝𝑖𝑖 𝑇𝑇𝑖𝑖] = 𝑝𝑝𝑐𝑐𝑝𝑝𝑣𝑣𝑝𝑝𝑝𝑝𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑠𝑠𝑝𝑝𝑐𝑐𝑝𝑝𝑣𝑣𝑐𝑐𝑐𝑐 

[𝑖𝑖𝑟𝑟 𝑝𝑝𝑟𝑟 𝑇𝑇𝑟𝑟] =   𝑟𝑟𝑝𝑝𝑐𝑐𝑏𝑏𝑐𝑐𝑠𝑠 − 𝑏𝑏𝑝𝑝𝑐𝑐𝑐𝑐𝑠𝑠 𝑝𝑝𝑝𝑝𝑠𝑠𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑠𝑠𝑝𝑝𝑐𝑐𝑝𝑝𝑣𝑣𝑐𝑐𝑐𝑐 

 

 

Figure 4.8 Schematic representation of the component measured from the radar along the line of sight (𝐏𝐏��⃗ ) based 
on a moving target displacement vector (𝐯𝐯�⃗ ) 

 

 

Following this, the coordinates of point P, representing the projection of the prisms vector 

along the LOS were determined using the equation: 

 

𝑃𝑃 = �𝑖𝑖𝑖𝑖 +
𝑏𝑏 ∙ 𝑤𝑤
‖𝑤𝑤‖2

∗ 𝑤𝑤 𝑝𝑝𝑖𝑖 +
𝑏𝑏 ∙ 𝑤𝑤
‖𝑤𝑤‖2

∗ 𝑤𝑤 𝑇𝑇𝑖𝑖 +
𝑏𝑏 ∙ 𝑤𝑤
‖𝑤𝑤‖2

∗ 𝑤𝑤� =  [𝑃𝑃1 𝑃𝑃2 𝑃𝑃3]        (4.3) 

 

where 
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[𝑖𝑖𝑖𝑖 𝑝𝑝𝑖𝑖 𝑇𝑇𝑖𝑖] = 𝑝𝑝𝑐𝑐𝑝𝑝𝑣𝑣𝑝𝑝𝑝𝑝𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑠𝑠𝑝𝑝𝑐𝑐𝑝𝑝𝑣𝑣𝑐𝑐𝑐𝑐 

𝑏𝑏 ∙ 𝑤𝑤 = [ 𝑤𝑤1 ∗ 𝑏𝑏1 + 𝑤𝑤2 ∗ 𝑏𝑏2 + 𝑤𝑤3 ∗ 𝑏𝑏3] 

‖𝑤𝑤‖2 = [𝑤𝑤1 ∗ 𝑤𝑤1 + 𝑤𝑤2 ∗ 𝑤𝑤2 + 𝑤𝑤3 ∗ 𝑤𝑤3] 

 

Given the coordinates of point P and the original coordinates of the prism, one can estimate 

the displacement effectively measured from the radar and the relative percentage of error 

(Equations 4.4 and 4.5). 

 

|𝑃𝑃| =  �(𝑃𝑃1 − 𝑖𝑖𝑖𝑖)2 − (𝑃𝑃2 − 𝑝𝑝𝑖𝑖)2 − (𝑃𝑃3 − 𝑇𝑇𝑖𝑖)2        (4.4) 

𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝 (%) =  �1 − �
|𝑃𝑃|
|𝑤𝑤|�� ∗ 100       (4.5) 

 

Using the equation above (Equation 4.5), it is possible to estimate what would be the effective 

displacement measured from the radar at the prism point and calculate the percentage of 

underestimation (Table 4.1). 

 

Table 4.1 Summary of underestimation of radar measurements for different sectors of the slope based on prisms 

Area 
Displacement vectors Average underestimation of 

the radar measurements Azimuth (°) Dip (°) 

Wedge failure 100 -30 20% 

Crest of the pit wall 145 -40 30% 

Area above CBX block 100 -30 3% 

CBX block 100 20 10% 

 

Another limitation of the radar is that it cannot provide any information on the vectors of 

movements. In order to try to obtain more detailed information about the direction of 

movements for those areas of the pit wall, in October 2014 an experiment was set up using 

the technique proposed by Severin et al. (2014). The method is based on monitoring an area 

using two radars simultaneously. As show in Figure 4.9 using two radars and the relative LOS 

displacement, it is possible to calculate the equations of two perpendicular planes to the LOS. 

Unfortunately, in absence of a third unit, it is not possible to determine a unique solution for 
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the direction and magnitude of the real displacements, as intersection of two planes is 

represented by a line. Therefore, the solution is essentially a 2D projection on a horizontal 

plane. In order to overcome the need for a third instrument, Severin et al. (2014) proposed the 

use of a weighed elevation, based on the displacement to constrain the geometrical problem 

and determined a ‘pseudo 3D displacement vector’. 

 

 

Figure 4.9 Conceptual example of the interception of the perpendicular planes determined from the two radars 
LOS and used of weighed elevation to determine a unique 3D solution (Severin et al. 2014) 

 

 

4.3.2 Experimental set-up and data analysis 

One Reutech ground-based radar was already monitoring the SW corner area. The instrument 

was located between 500 and 970 m from the SW Wall, with a resolution of the measurement 

grid of approximately 3.6 × 6m. With the opportunity to mobilise another radar, a one week 
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trial experiment was carried out. The second radar was placed at the top of the east pit wall, 

with a distance from the SW Wall between 780 and 1,250 m and a resolution of approximately 

4.9 × 7 m. The second site was chosen in order to be aligned with the direction of the 

movement at the crest of the pit and to provide a good overlap between the two radar 

measurements Figure 4.10). As shown, the LOS for radar 1 tended to be aligned along the 

predominant direction of movement for the CBX area, while radar 2 was set to reduce the 

underestimation for the upper section of the pit wall. 

 

 

Figure 4.10 Plan view of the SW corner showing the position of the two ground-based radars and the 
displacement vectors inferred from the available prism network. 

 

The first radar had been continuously recording in the same position since February 2014, 

while the second instrument was only deployed from the 25th October to the 3rd November 

2014. For this reason, the two datasets were first resampled in time, in order to synchronise 

the measurements on the same time window. The dates chosen were between the 25th 

October 2014 at 05.10 pm and the 30th October 2014 at 11.50 pm, with a time difference 

between instruments of only a few minutes. Due to the large displacement experience on the 

pit wall, the effect of this time difference can be considered negligible. Subsequent to that, the 
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measurement grids were projected onto the digital elevation model (DEM) to provide 

consistent points. For the data analysis, data were exported in .csv format containing all points 

of the radar grid, and the total displacement for each node for both radars. Further analyses 

were carried out using mXrap v.5 (Harris and Wesseloo 2016). Figure 4.11 shows the LOS map 

for the two radars, once imported into the software.  

 

 

Figure 4.11 Plane view of the SW corner, showing the radar positions and the LOS displacement recorder by the 
two instruments during the trial experiment (25th October to 30th October 2014) 
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One of the first challenges was to match the two grids. In fact, due to the different distances 

from the pit wall, the two instruments didn’t measure exactly the same point. As the grid for 

radar 1 is denser than radar 2, the latter was used as a master grid to resample data from 

radar 1. A conceptual model of the approach used is shown in Figure 4.12. 

 

 

Figure 4.12 Conceptual idea of use of master and slave grid applied to the two radar measurement grids 

 

An algorithm was developed to search for each point of the master grid the closest to 20 

points within 10 m in the slave grid. The LOS displacements relative to those points were then 

averaged based on inverse distance weighting using a Triweight kernel function: 

 

𝐾𝐾 (𝑠𝑠) =  
35
32

∗ (1 − 𝑠𝑠2)3      (4.6) 



Chapter 4 – Surface deformation monitoring data analysis 
 

 

115 
 

where 

(𝑠𝑠) =  distance from the point on the slave grid to point on the master grid  

 

The final results are two matching grids. The first one corresponding to radar 2 didn’t change. 

The second one is represented by a new radar 1 grid with the same spacing and coordinates of 

that of radar 2 and LOS displacement given by inverse distance weighting value. Following this, 

as proposed by Severin et al. (2014), for each point of the grid, the equations for the two 

planes perpendicular to the LOS for radar 1 and radar 2 were calculated. At this stage, a 

different approach was adopted to estimate the third plane equation (z = elevation 

difference). For this slope, there was still some coverage from the prisms, and that data could 

be used to constrain the geometrical solution. Once again, a Triweight kernel function was 

used to interpolate the elevation value from the prism across the radar grid. The basic concept 

is shown in Figure 4.13. The algorithm searches for all points on the radar grid within a certain 

distance (100 m) from the available prisms. If only one prism elevation difference value is 

found, this is assigned to the point on the grid. Otherwise, if more values are available for the 

same point, an average value based on the distance of prisms from the point is assigned. Final 

results for the interpolation are presented in Figure 4.14. 

 

 

Figure 4.13 Conceptual idea for the interpolation of elevation difference from prism data 
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Figure 4.14 Interpolation of the z component from the prisms and mapping on the radar grid 

 

 

4.3.3 Results 

As a result of the analysis discussed in Section 4.3.2, the experimental method has allowed the 

production of a full 3D displacement map for the slope (Figure 4.15). For each point of the grid 

not only the magnitude, but also the vector of movement, can be interpreted.  

Looking at Figure 4.15, it can be seen how there is a good correlation between the magnitude 

and direction of displacement from the available prisms and the pseudo 3D displacement map. 

However, it is still important to notice that there are a few sources of error which cannot be 

ignored: 

• The elevation variation has been estimated from the prism data and the accuracy in 

the z component is lower than in x and y. 

• Reflection of the radar signal and consequently accuracy of the measurements are a 

function of the angle of incidence with the slope (Figure 4.16). This is quite clear on the 
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bottom left part of Figure 4.15, where the prisms and radar monitoring don’t match at 

all due to the acute reading angle. 

 

 

Figure 4.15 Final results and identification of the subareas based on the displacement vectors. The circle identifies 
the area where radar and prisms do not match 

 

 

Figure 4.16 Radar component of movement for sites 1 (left) and 2 (right), assuming movement is perpendicular to 
surface, with yellow (100%) (courtesy of Reutech) 

 

In general, based on the final map, it can be observed that the slope can be divided into eight 

different subareas, based on the direction of vector movements. For each area, the average 
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displacement for the period was considered and the displacement vectors calculated (Table 2). 

The map shows that after the 2013-2014 wet season the surface is no longer behaving as a 

rigid block, but intense breakup of the rock mass has been superimposed on the original 

structural controls. This is particularly clear in the upper section of the pit wall, characterised 

by at least six different subareas. These observations, in addition to what has been previously 

discussed seem to support a complex mechanism affecting the stability of the SW corner. At 

least close to surface, the rock mass seems to behave as a rock river/scree slope, with 

continuous unravelling and phases/pulses of acceleration in correspondence with rainfall 

events. The behaviour can be correlated with the weathering process affecting the shale, 

progressively changing the mechanical properties. 

 

Table 4.2 Average magnitude and directions for the different areas obtained by the experiment 

Area # Average tot 
displacement (mm) 

Azimuth (°) Dip (°) 

1 95.3 mm 120 30 

2 90.6 mm 87 -15 

3 70.5 mm 139 24 

4 87.6 mm 113 24 

5 38.7 mm 115 -20 

6 62.7 mm 91 -22 

7 68.7 mm 120 -16 

8 80.1 mm 158 -15 

 

 

4.4 Chapter summary 

In this chapter, the spatial and temporal distribution of surface deformation of the SW Wall 

has been analysed combining information from both prisms and ground-based radar. From the 

analysis the following conclusions can be drawn: 

• There is a strong correlation between the state of activity of the slope and rainfall 

events; 
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• A change in the slope behaviour can be observed during the wet season of 2012-2013 

from rapid brittle to time-dependent. The change in behaviour doesn’t seem to be 

directly related to a higher rainfall event, but rather to the progressive excavation in 

front of the CBX block; 

• The CBX block seems to represent a natural buttress and may be involved in an 

active-passive wedge type of mechanism; 

• The 2013 numerical model suggested a progressive extension of the instability though 

the buttress, however examination of the data from both the radar and the prism 

monitoring suggested that this is not the case; 

• Looking at the prism monitoring available at the back of the slope, the surface 

instability does not act as a single rigid body. Instead, the progressive increase of 

deformation from 20-50 mm at 40-50 m behind the crest to more than 10 m on the 

crest suggests a ‘deck of cards’ type of movement; 

• If this were the case, the massive amount of deformation experienced on the surface 

could be related to the weathering process affecting the shale. The deformation and 

the rock damage seem then to progressively reduce with depth; 

• Combination of radar and prism data suggested a progressive stress release along the 

later faults, in particular Page Creek providing side release, allowing the main body of 

the wall to shear along the bedding; 

• The two-radar experiment confirms that at least the surface of the main body of the 

slope is fragmented into several parts and related to the progressive degradation of 

the rock mass caused by the weathering processes. 
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5 Microseismic data analysis 

5.1 Introduction 

At the beginning of the project in October 2013, the Institute of Mine Seismology (IMS) was 

engaged by the Australian Centre for Geomechanics (ACG) and MMG Limited to provide the 

service of installation of the system and processing of the data.  

The group employed a standard routine method normally applied for underground mines 

(Mendecki et al. 2010), but which had also been used in previous case studies in open pits 

(Lynch et al. 2005). The choice was driven by the need to provide a fast response for MMG’s 

management, being able to process and make available the results within a short timeframe (a 

few minutes to a few hours). Part of the arrangement with IMS was to include the recording of 

the data in continuous mode and make that data available in an open format, allowing other 

parties to analyse the data. Unfortunately the process of conversion and handover of the data 

was affected by several issues and delays. At the time this thesis was written, only continuous 

data from December 2013 to June 2014 have been successfully recovered.  

As part of the research project, a separate agreement was reached with a research 

department part of the Commonwealth Scientific and Industrial Research Organisation 

(CSIRO). The aim was to deploy more complex analysis techniques and to provide a third party 

independent interpretation of the data. The handover of the seismic database wasn’t a 

straightforward process and CSIRO was not able to process and make the results accessible 

until June 2015. CSIRO only had available continuous data between 18th December 2013 and 

8th April 2014. 

In addition, further processing was carried out by the author. This was undertaken using the 

same software and location algorithm employed by IMS, but looking more in detail at each 

single seismogram contained in the continuous database. In this case, the analysis involved the 

events recorded from the 1st February to the 31st May 2014. The results so obtained provided a 

more realistic solution to explain the kinematics of the instability under investigation. 

At the beginning of 2016, Engineering Seismological Group (ESG) was engaged to re-analyse 

the data as well. The aim was to increase the robustness of the interpretation provided and to 

evaluate the impact of factors previously not considered (e.g. anisotropy, pit geometry) by 

others. 

The object of this chapter is to allow the reader to follow the temporal and logical process 

involved in the project. For each of the databases available, a discussion of the assumptions 
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and limitations of the methodology used will be given. Moreover, the spatial and temporal 

distribution of seismic activity was analysed and interpreted. The aim was to verify some of the 

possible scenarios identified in the 2013 numerical analysis and to understand the evolution 

and mechanism development of the monitored instability. It is important to state that the 

three different seismic server providers were involved only in the processing of the seismic 

data (e.g. time, location, source parameters), while its interpretation has to be attributed to 

the author. 

 

 

5.2 Microseismic monitoring system 

5.2.1 Seismic array configuration 

Pit geometry and limited access to the slope surface were some of the major challenges in the 

seismic array design process. Ideally the instrumentation should surround the entire 3D 

volume of rock monitored, avoiding having sensors lying on a pseudo-planar surface, as this 

could negatively affect source locations and parameters (Collins et al. 2014; Xiao et al. 2016). 

Moreover, given attenuation of seismic waves through the rock, sensors should be placed as 

close as possible to the instability area, but at the same time preventing shearing of the 

wirings. 

In order to overcome some of these challenges, directional drilling was the only option 

available, representing the major cost for the entire project. The microseismic system 

comprised 16 sensors located in the volume of rock behind the SW Wall. A combination of five 

28 Hz triaxial, six 14 Hz uniaxial, and three 14 Hz triaxial geophones were placed into four long, 

inclined (approximately 400 m) navi-drilled boreholes drilled from the back of the slope (Figure 

5.1). Sensors were installed approximately every 100 m in each hole, with two sensors at each 

depth for the purpose of redundancy. Since 4.5 Hz uniaxial geophones could not be installed in 

a hole with more than 2° deviation from the vertical, two short vertical boreholes 

(approximately 10 m) were drilled near the surface. The distance of the sensors from the 

surface is 100 m for the central boreholes and 50 m for the lateral one. Sensors S4 and S16 are 

only 15 m from the pit face. In Table 5.1 locations and specifics for each sensor are shown. As 

shown in the cross-section in Figure 5.1, the array took advantage of the slope geometry, with 

the two later boreholes offset approximately 150 m from the lateral one in order to minimise 

the possible effects of a pseudo planar configuration. 
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Figure 5.1 Microseismic array configuration showing the location and type of geophones installed. Plan view 
(above) and section view (below). In the section view it can be noticed that the array takes advantage of pit 
geometry in order to try to avoid planar array 

 

The choice for the sensors was based on the previous experience from Navachab and Mount 

Keith projects. Based on the chart proposed by Mendecki (1997), it was expected to record 

seismic events in moment magnitude range between -3 and 0. This was done supposing 

velocity ranges between 2,000 and 3,700 m/s and a static stress drop from 0.1 to 1 MPa 

(Wesseloo et al. 2009). Geophones were preferred to accelerometers, as they were considered 

more robust and reliable (Lynch and Malovichko 2006; Sweby et al. 2006) 
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Table 5.1 Sensor locations and specifics 

 

Easting 

 (m) 

Northing 

(m) 

Elevation 

(m) 
Type 

Natural 

frequency 

(Hz) 

Lower 

frequency 

(Hz) 

Upper 

frequency 

(Hz) 

S1 46,306.416 27,498.474 947.422 Triaxial 28 28 2,000 

S2 46,385.513 27,517.527 887.594 Uniaxial 14 14 2,000 

S3 46,467.630 27,534.751 833.279 Triaxial 14 14 2,000 

S4 46,171.863 27,461.756 1076.009 Uniaxial 4.5 4.5 2,000 

S5 46,106.883 27,628.442 1035.363 Triaxial 28 28 2,000 

S6 46,168.422 27,625.934 956.649 Uniaxial 14 14 2,000 

S7 46,238.487 27,623.299 885.696 Triaxial 28 28 2,000 

S8 46,317.696 27,620.201 829.860 Triaxial 14 14 2,000 

S9 46,171.332 27,739.275 978.532 Triaxial 28 28 2,000 

S10 46,102.623 27,749.998 1050.384 Uniaxial 14 14 2,000 

S11 46,320.908 27,708.974 834.355 Triaxial 14 14 2,000 

S12 46,241.712 27,726.206 908.712 Uniaxial 14 14 2,000 

S13 46,296.029 27,843.852 964.542 Triaxial 28 28 2,000 

S14 46,367.038 27,821.412 897.808 Uniaxial 14 14 2,000 

S15 46,428.390 27,803.047 841.924 Triaxial 14 14 2,000 

S16 46,170.455 27,892.943 1097.162 Uniaxial 4.5 4.5 2,000 

 

The holes have a diameter of 96 mm and metal casing was used to guarantee the holes’ 

stability during the installation of the instrumentation. Moreover, the casing would have 

added some extra protection to the encased instruments and wiring in case deformation 

would occur in the surrounding volume of rock. Each sensor was wrapped around a metal 

cable attached to a guide weight and put down the hole using liquid grease to reduce the 
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lateral and inter-cable friction. Polypipe was deployed for multistage grout to guarantee a 

strong coupling between the geophones and the rock mass. Location of the sensors was 

estimated based on the survey of the holes and the measurement of the instrument down the 

cable. In this case, the proper grouting was essential to avoid any potential for decoupling 

from the rock mass due to metal casing. Site performance tests were carried out after the 

installation to check the presence of resonance in the waveform. The analysis confirmed that 

all holes were properly grouted and the seismic waves were not affected by the metal casing. 

 

 

Figure 5.2 Installation of the instruments in the boreholes 

 

Finally, the system was connected to one of the four data acquisition units, powered by solar 

panels. Each seismic station is connected to a private seismic LAN, by utilising Ubiquity M5 

Bullet radios. The data are continuously transmitted to a central computer via digital radio for 

processing and storage. Seismic signals are sampled at a rate of 6,000 Hz with a 24-bit 

analogue-to-digital (A/D) converter, and time is synchronised across the network via GPS 

timing signals (Figure 5.3). 
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Figure 5.3 Century microseismic system settings  

 

5.2.2 Data acquisition 

The system was fully operative from the end of November 2013 to the middle of April 2014, 

when stations S13, S14, S16 went offline. The majority of seismic activity was recorded 

between February and April 2014, while a small proportion of events were recorded 

afterward. In February 2016, when the system was decommissioned, only sensors in the 

central boreholes were still effectively recording. For the current study, recording of the data 

was based on two main methodologies: 

• Triggering recording: this method involves the processing being founded on real-time 

association between sensors based on a triggering algorithm. At Century, a standard 

trigger algorithm, based on short-time averages (STA) and long-time averages (LTA) of 

the incoming signal was deployed. The length of STA and LTA was set at 2.6 ms and 

21.3 ms respectively. When at least four stations experienced a STA/LTA ratio greater 

than 12, the system was triggered and the event recorded. Once the system triggers, it 

records a seismogram containing a certain number of samples prior to the trigger time 

(~1,250 samples), then the ‘triggered’ portion of the seismogram until it ‘detriggers’. 

The system is detriggered once the STA/LTA ratio goes below two and adds a certain 

number of samples (~750) to the seismogram after detriggering. The LTA window 

updates semi-continuously, although it uses a median filter. After every 250 samples it 

calculates a new LTA, being a median of the last 3 LTAs. This has the effect that 
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individual triggers (events) are not going to have any significant effect on the triggering 

(and detriggering), keeping the LTA to be more truly representative. Normally, for the 

event to be recorded, at least four sensors have to exceed the set threshold. However, 

even if the event is considered valid for recording, only waveforms from geophones 

that exceed the fixed threshold are effectively recorded. As previously mentioned, this 

approach was developed to reduce the amount of data and to process and report 

seismic events to the mine site in a very short turnover time. The solution was 

proposed by IMS, based on their experience in underground mines and previous 

project at Navachab (Lynch 2013). 

• Continuous data processing: this method relies on the continuous recording of 

vibrations at each sensor, leading to no risk of potential loss of data due to improper 

triggering threshold setup. Post association can be then completed, calibrating an 

opportune LTA/STA ratio. For the Century project, one of the first challenges was to 

convert the data from an IMS in-house format to an open access format. The SEGY file 

format, one of the several standards developed by the Society of Exploration 

Geophysicists (SEG) for storing geophysical data was chosen for this purpose. This 

would guarantee to most third parties access to open and analyse the data. For this 

purpose, IMS had to develop their own code to convert the data and they wouldn’t 

allow the release of their database information outside for commercial reasons. 

Unfortunately, the process wasn’t smooth and required more than a year to receive 

the first batch of continuous data. This was related to technical issues in the process of 

conversion and the difficulties in handling a huge amount of files. To give an idea, 

continuous data only from February 2014 to May 2014 have a size of 6.5 TB. 

 

 

5.3 IMS data processing 

5.3.1 System calibration and velocity model 

Initial processing of the data was conducted by IMS using the routine microseismic monitoring 

method based on triggered data. A blast calibration test was conducted by MMG on the 12th 

December 2013 in order to establish a P-wave and S-wave velocity model. A total of nine blasts 

were fired at known locations and at known times, enabling the velocities from the blast 

location to each of the seismic sensors to be calculated (Figure 5.4). Careful analysis of the 

seismograms indicated that out of the nine blast charges only seven were effectively visible in 
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the signal. After discussion with the MMG blasting team it was confirmed that shots two and 

three were actually misfired (Figure 5.5). However, IMS decided to use only the first, middle 

and final shots since the distance between each shot (5.8 m) was considered too similar to 

make any significant change (Meyer 2014). 

 

 

Figure 5.4 Planar view of the SW Corner area, indicating the microseismic array and the location of the blasting 
shots used to build the seismic velocity model 

 

 
Figure 5.5 Seismograms for the calibration shots; highlighted is arrival for calibration shots one, four and nine, 
which were used for building the seismic model. Notice that in the seismograms two shots two and four are 
missed, corresponding to the misfired charges 
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For the analysis, 16 P-waves and seven S-waves were carefully picked for the first shot, 15 

P-waves and seven S-waves for the fourth and 16 P-waves and seven S-waves for the last. As 

shown in Figure 5.6, the data indicated a VP of 3,674 m/s and Vs of 2,046 m/s (Figure 5.6). 

These velocities were then used to build a homogenous velocity model, which was 

incorporated into the IMS in-house seismic processing software, Trace (IMS 2016), and made 

available for the engineers onsite and for the author. Back calculation of the calibration shots 

using this model carried out by IMS indicates an average location error of 15 m (Meyer 2014). 

 

 

Figure 5.6 Calibration blast analysis results from the three calibration shots used to construct the seismic velocity 
model. Indicated are the estimated P and S-wave velocities (Meyer 2014) 

 

 

5.3.2 Seismic tomography 

Due to the expected seismic velocity variation between the weathered/broken rock mass near 

the surface and possible in situ seismic anisotropy, standard calibration blasts performed in 

the pit could lead to errors in seismic event locations. Therefore, an attempt to perform a 

seismic tomography was performed. Given that any area on the surface was restricted due to 

safety and production reasons, a ballistic calibration test was proposed. 
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The experiment consisted of shooting at the pit wall using a high-power rifle, with a .308 

calibre and projectile weight of 130 g (Figure 5.7). The idea was that the shots would have 

been able to generate sufficient energy during the impact to be recorded by the microseismic 

system. The points of impact were detected with a high-speed camera and then 

georeferenced. The distribution of the rifle shots was planned so that the distance from the 

impact area to the sensors was minimal but still provided good coverage of the area. Figure 5.7 

shows the distribution of the 15 shots relative to the sensors. The shortest distance from 

impact area to sensor was for shot one and sensor 13, which was roughly 25 m. 

 

 

Figure 5.7 (a, b) Ballistic experiment setup; (c) locations of the impact of the rifle shots relative to the sensors; (d) 

enlargement of the impact of one of the shots in the pit wall 

 

The analysis in this case was conducted on the continuous data as in the standard triggered 

mode the shots did not cause the individual sensors to trigger the data acquisition system. 

After the rifle shots were performed, a preliminary examination on the continuous data did 

not show any clear arrivals for any of the sensors apart from the shortest shot and sensor 

distance mentioned previously. A closer investigation showed that electrical interference and 

seismic noise contaminated the data (Olivier 2013). Figure 5.8 shows a 0.1 s seismogram 

where the different noise sources are represented. The high frequency noise was attributed to 

the solar regulators that charged the 12 V batteries. In fact, the electrical interference 
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appeared to be strongest during the day, when the intensity of sun is expected to be highest, 

while at night it was not noticeable. Seismograms also contained lower frequency noise 

emanating from a repetitive source – most likely the nearby mill or the compressor used to 

pump water out of the pit. 

 

 

Figure 5.8 Seismogram showing the noise levels present in a typical 0.1 s period. The sharp peaks were identified 
as electric interference caused by the solar regulators charging the batteries whereas the low frequency noise 
was seismic in nature and generated by the nearby mill or compressor used to pump water out of the pit floor 
(Olivier 2013) 

 

After determining the noise sources and their individual frequencies, analysis to filter out the 

noise was attempted. Figure 5.9 shows an example of the seismic signal before and after 

applying a noise filter for one of the shots. While the noise/signal level showed some 

improvements, the seismic energy generated by the impact of a bullet from a high-power rifle 

were not sufficient to generate seismic signals with signal-to-noise ratios required to 

accurately pick the arrivals of seismic waves. Theoretically the impacts would possess kinetic 

energy in the kilojoule range which is expected to generate sufficient seismic signal, but the 

fractured state of the rock in the surface of the pit wall appears to have attenuated most of 

the seismic energy before reaching the sensors. Therefore, a homogenous and isotropic 

velocity model was implemented by IMS ignoring the surface ‘skin’. 
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Figure 5.9 Seismogram showing the third rifle shot recorded on the y-component of sensor 13. In the raw 
seismogram the shot is not visible, but after the noise is removed the shot appears. Here the signal-to-noise ratio 
is roughly two, which is not good enough to accurately pick the arrival of the seismic wave required to perform 
the calibration (Olivier 2013). 

 

 

5.3.3 Preliminary results 

From 18th November 2013 to 16th February 2016 approximately 2,000 seismic events were 

located by IMS, ranging from a moment magnitude (Mw) of -2.1 to 0.8. Of these events, 

approximately 20% were placed below the current bottom of the pit, while the majority were 

recorded behind the monitored pit wall. As reported by Lynch and Malovichko (2006) and 

Wesseloo and Sweby (2008) in the case studies of Navachab and Mount Keith, the seismic 

activity at the bottom of the pit is most likely related to mining advancement and the removal 

of the broken rock after blasting and excavation. The subsequent analysis of the data was 

therefore primarily focused on the second group of events, where the major instability 

concerns were expected. 

Taking into consideration only the seismicity recorded behind the slope, almost 70% of total 

events were observed between February and May 2014 when, as discussed in Chapter 4, a 

rapid acceleration of surface deformations was recorded by both prisms and ground-based 

radar monitoring systems (Figure 5.10). 
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Figure 5.10 (a) Plan view showing the total LOS displacements measured between 1st February and 9th  April 2014 
from ground-based radar data available (negative displacements: moving towards the sensor); (b) displacement 
patterns for different areas of the slope from prism network and daily rainfall observations (1st February to 30th  
May 2014) 

 

Between the 1st February and the 31st May 2014 approximately 1,400 events were recorded 

behind the pit wall. Less than 100 events were located below the floor of the actual pit, as 

mining activity (blasting/excavation) at the toe of the slope was limited during this time as per 

the MMG Century Trigger Action Response Plan (TARP) (Sweeney and Abbott 2016). Looking at 

Figure 5.11, it is possible to identify at least four seismogenic zones. Zone (1) can be observed 

to correspond with the localised planar failure that occurred in the lower section of Page Creek 
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Fault on the 23rd February 2014. A second seismogenic zone (2) occurs immediately adjacent 

to a pre-existing wedge failure, further destabilised during the reactivation of the pit wall 

instability. The highest level of microseismic activity, zone (3), is concentrated behind the CBX 

block with more than 800 events. Finally, approximately 80 events were located in the upper 

section of the pit wall, zone (4) but they appeared more dispersed in location and poorly 

clustered. 

 

 

Figure 5.11 3D view of the seismic events detected between 1st February 2014 and 21st May 2014 in the SW 
Corner area. Events are coloured and seized by moment magnitude and group according to seismogenic zones 
(see text for explanation)  

 

As for the surface deformations, seismic activity also appears to have been triggered by the 

rainfall. As shown in Figure 5.12, from the 15th February 2014 microseismic events started to 

be recorded behind the pit wall with an average activity rate of approximately seven events 

per day. From the 23rd February 2014, a spike in the seismic activity rate can be observed, with 

more than 60 events in just one day. This corresponded to the localised planar failure that 

occurred along the lower section of Page Creek, but also to a general increase of seismicity in 

the other seismogenic zones. Activity rates remained high (30 events per day) until the end of 

March 2014, before gradually decreasing towards the end of April. Since May, only a few 
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events per week were recorded, mainly located at the bottom of the pit, as mining operations 

below the slope recommenced. 

 

 

Figure 5.12 Cumulative number of seismic events recorded behind the pit wall and daily rainfall observed 
between 1st February and 31st May 2014 

 

In general, it was found that a good correlation existed between the general increase in 

seismic activity and the reactivation of the pit wall instability measured using the prisms and 

radar. Moreover, water ingress seems to play a key role, acting as a common trigger for 

surface deformation and deep fracturing/seismicity. Although direct measurements of the 

pore pressure were not available, the correlation between seismicity and rainfall seems to 

suggest an increase in seismic events in response to a rise of the water pressure. 

Despite some positive results, some concerns regarding the quality of the event locations 

arose looking at the spatial distribution of seismic events for the different seismogenic zones 

(Figure 5.13). In particular, the seismic activity in the CBX block area (zone (3)) showed an 

unusual alignment and seems to define a possible structure dipping back into the wall. As 

discussed in Chapter 3 and 4, there is evidence that the CBX block is involved in an active-

passive wedge mechanism and a structure with this orientation could be compatible with this 

kinematics to accommodate the rotation of this unit. However, given the fact that a similar 

trend was also observed for seismogenic zone (2) and considering the large extent of the 

feature, there was also the possibility that the distribution was related to location inaccuracies. 
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For this reason, IMS was asked to look much more in detail to better understand the nature of 

these clusters. 

 

 

Figure 5.13 Planar (a) and section view (b) of the seismic events in seismogenic zone (2). It is clearly observable 
how seismic events, particularly around the CBX block delineate a possible feature dipping back into the pit wall 
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5.3.4 Implementation of location with direction algorithm 

Mine seismology event location is commonly based on solving a series of nonlinear equations 

and minimising the residual between the observed and theoretical arrival time assuming that 

the ray path is entirely within rock. In underground mining this approach is normally sufficient 

as in recent times good 3D array configurations can be achieved. In the case of Century, the 

offset between the lateral and central boreholes should have guaranteed an avoidance of 

location inaccuracy. However, if the event processing is based on only a few sensors, location 

based only on arrival times could lead to two possible locations: one on either side of the plane 

(Figure 5.14a) (Collins et al. 2014). 

In order to overcome this issue, the direction of the P-wave measured from triaxial sensors 

could be implemented in the location algorithm to further constrain the minimisation problem 

(Mendecki 1997). In fact, assuming that at least one triaxial sensor with reliable orientation 

records the event, it is possible to utilise the fact that the particle motion in the P-wave is 

orientated along the line between source and sensor. Measurement of the direction of ground 

motion at the P-wave arrival will indicate in which direction the source occurred relative to 

sensor location, providing a unique solution (Figure 5.14b). 

 

 

Figure 5.14 (a) Possible location uncertainties related to poor array configuration; (b) unique location solution 
including P-wave direction from a triaxial sensor (modified from Collins et al., 2014) 
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Therefore, a new algorithm was implemented to include sensor orientations in the location 

problem. The new method was tested selecting a small group of events recorded in the CBX 

area and comparing the variation between the original location and the updated one. The 

results indicated that the planar distribution was an artefact due to the poor 3D distribution of 

seismic array, caused by the effect of location inaccuracy (Meyer 2015b). Following this, the 

entire database was reprocessed implementing the new method. However, as shown in Figure 

5.15, despite some slight improvement the general distribution didn’t change significantly.  

 

 

Figure 5.15 3D view showing a comparison between the distribution of seismic events for seismogenic zones (2), 
(3) and (4) not including (left) and including sensor orientation 

 

A possible reason was that as IMS was using triggered data, the number of sensors to constrain 

location was still limited. As will be discussed in Section 5.5, the inclusion of both sensor 

orientation and more sensors may considerably improve the location. It is important to 

highlight that this doesn’t totally exclude the possibility that shearing is occurring along some 

structure approximately with this orientation. In fact, its existence is geometrically 

fundamental to allow the rotation of the block. Most likely, the movements are occurring at 
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the contact between the shale and the CBX and it is not possible to clearly separate inside the 

entire seismogenic zone. 

Preliminary interpretations discussed in Salvoni et al. (2015) highlighted how there was no 

evidence that a deep seated failure involving the buttress occurred, which remained stable. 

Only a few poorly clustered events were observed in the upper section of the wall above the 

CBX. This can be related to the fact that there is a disconnection between deformation at 

surface and at depth. The large deformations experienced on the wall may be caused by a 

shallow failure moving by creeping and attributed to progressive weathered shales. The 

seismicity recorded would then be related to a deeper possible failure only involving the upper 

section of the pit wall, still in development. However, it can also be assumed that the rock 

mass was already damaged before the installation of the system and could therefore be 

aseismic. 

 

 

5.3.5 Sensitivity analysis 

Further investigations were conducted on the database to highlight any sensitivity or data 

quality issues. As suggested by Wesseloo (2011) frequency magnitude in a log-linear space was 

plotted in order to calculate the mmin of the database (Figure 5.16). The chart only displays 

events between February and May 2014, where the majority of seismic activity behind the pit 

wall was recorded. Further, the data plotted in the chart are only seismic events which 

occurred in proximity of the pit wall and not below the pit.  

As shown in Figure 5.16, it can be noticed how the system can completely detect events down 

to a moment magnitude of -1.4. Below this level, the seismic system has under-recorded the 

magnitudes. There is an anomaly of the relationship between Mw of -0.9 and -1.4, where the 

fitting slightly deviates from linearity. An initial explanation was that this effect could have 

been related to a loss of sensitivity in the system due to the damage of station four (S13, S14 

and S15) which occurred at different stages after the 8th April 2014. For this reason, the same 

chart was created using only the dataset before the damaging of the system (2nd February to 

8th April 2014). However, the distribution didn’t change and the anomaly in the 

frequency-magnitude chart still remained. Therefore, excluding the effect that it was caused 

by the loss of the sensors, some concerns were raised about possible data quality issues. This 

could then be possibly related to use of triggered data and therefore some events could have 

been missed in the processing, impacting on the frequency-magnitude chart. A confirmation of 
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this hypothesis is provided in Section 5.5.5, where the author has manually analysed the 

continuous data. 

 

 

Figure 5.16 Frequency-magnitude chart. The dashed line represents the fitting through the data according to the 
Gutenberg and Richter empirical relationship. b value and mmin have been also calculated. An anomaly in the 
distribution deviating from the linearity can be observed, indicating a possible data quality issue (red square) 

 

 

5.4 CSIRO data processing  

5.4.1 System calibration and velocity model 

CSIRO was engaged by the ACG to analyse and assess the microseismic dataset recorded by 

the IMS system (Luo and Duan 2015). The data processing involved review and quality control 

of microseismic data and location of selected events using in-house developed software based 

on the continuous seismic data recording. In this case, due to several issues and delays in the 

delivery of the open source file format of the data, the analysis didn’t commence until early 

2015 and the results were only provided in June 2015. Moreover, at the time only data from 

15th December 2013 to 8th April 2014 were successfully converted.  

Initially, an average velocity model was assumed for all the monitored volume based on all 

seven calibration shots available. The Vp and Vs estimated were of 3,700 and 1,960 m/s, which 

was very similar to those obtained by IMS using only three shots. 
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However, a more detailed analysis highlighted how P and S-wave velocities determined by the 

geophones located to the south of the Pandora’s Fault (Figure 5.17) were higher than those 

determined by the geophones to the north of the fault (Figure 5.18). 

In order to obtain a more precise estimation of the seismic velocities in the volume north of 

Pandora’s Fault, a ray tracing method was used to calculate the optimal 3D velocity model 

(Duan and Luo 2014). This was achieved through an iterative process of changing fault plane 

location and orientation along with variable velocity values in order to minimise the calculated 

and observed travel time for the calibration shots. In Figure 5.19, the ray paths of P and 

S-waves for the calibration shots and the velocity boundary represented by Pandora’s Fault are 

shown. In this case the ray path doesn’t take into account the possible effect of pit geometry. 

The final model included Vp and Vs velocities of 3,700 and 1,960 m/s south of Pandora’s Fault 

and 2,900 and 1,550 m/s north of the fault. Back-calculation of the calibration shots, using an 

average of 16 P-waves and seven S-wave picking, indicates an error between 2.65 and 10.78 m 

and a root mean square error of 4.8 m (Table 5.2).  

 

 

Figure 5.17 Average P and S-wave velocity determinations for the area south of Pandora’s Fault, where the 
calibration shots and geophones S1-S12 are located (Luo and Duan 2015) 
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Figure 5.18 Average P and S-wave velocities determined by the calibration shots and geophones S13-S16 that are 
located to the north of Pandora’s Fault (Luo and Duan 2015) 

 

 

Figure 5.19 Construction of the velocity model based on the available calibration blast shots. The red dashed line 
represents the velocity boundary determined from the data. The black dashed line represents the geometry of 
Pandora’s Fault as defined by field observation (available drilling hole, photogrammetry). The seismic ray paths 
from the calibration shots to the geophones located to the north of the fault are shown in dark (P-wave) and red 
(S-wave) lines (Luo and Duan 2015). 
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Table 5.2 CSIRO results from the calibration blast shots 

Shot 
ID 

Calculated location Sensor used 

Easting 
error (m) 

Nothing 
error (m) 

Elevation 
error (m) 

Total error 
(m) P picks S picks 

1 -2.18 6.43 4.96 8.41 16 7 

2 
Misfired shots 

3 

4 1.38 -1.05 2.00 2.65 16 6 

5 4.24 -4.88 -3.80 7.50 15 7 

6 4.09 -5.71 -2.80 7.56 16 7 

7 -2.06 -3.53 -8.80 9.70 16 7 

8 8.79 -5.36 3.20 10.78 15 6 

9 1.65 -6.19 -3.80 7.45 16 7 

Root mean square error (m) 4.8 

 

Once the velocity model was developed, location of the events was performed using a global 

3D grid searching method. The algorithm, based on the P and S-wave arrival time and the 

seismic velocities, searches the event in the grid and tries to minimise the difference between 

the theoretical and observed arrival time (Duan and Luo 2014). In order to avoid events being 

located in the air or above the ground surface, a simple elevation constrain, based on the pit 

contour data was applied to the data. In this case, any grid point that was located above the 

slope surface was excluded from the location calculation and the algorithm then searches for 

the following minimum within the rock mass (Figure 5.20). Similar to the earliest processing 

provided by IMS, CSIRO didn’t take into account the orientation of the sensors in the location 

algorithm. The main reason apparently can be attributed to the fact that as CSIRO didn’t install 

the system, they preferred to not trust the information provided by IMS (Luo 2015). 
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Figure 5.20 Evaluation of a grid point for event location. The elevation (z’) of the pit surface associated with the 
plan location (x0, y0) of the grid point is calculated using interpolation of the contour data nearby the grid point. If 
the grid elevation, z0 is greater than z’, the grid point is assessed to be located in the air and is excluded from the 
event location calculation (Luo and Duan 2015). 

 

 

5.4.2 Results and discussion 

For each event previously located by IMS, an investigation was first conducted using the 

available continuous seismic database in order to verify for which geophones there was a 

reliable P and S arrival. It was found that many useful seismic signals found in the continuous 

data were missed in the triggered dataset (Luo and Duan 2015). This was caused by the fact 

that IMS set up the system to record waveform only for the geophones that exceed the fixed 

threshold. An example is shown in Figure 5.21, where an event that was recorded by 12 

sensors was only analysed using the triggered recording, with four seismograms.  

Following this approach, CSIRO relocated all the events previously processed by IMS using 

more geophones acquired in the continuous dataset available (1st February to 8th April 2014) 

and the two velocity model. In addition, a brief investigation was undertaken looking at other 

possible seismic events not previously processed. This led to the location of 218 extra events, 

the majority of which were detected below the bottom of the pit and near Page Creek fault. 
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Other than time, location and number of sensors used, the only source parameter provided by 

CSIRO was seismic energy. 

After receiving the data, once again the seismic events were imported into mXrap v.5 (Harris 

and Wesseloo 2016) and a series of investigations were conducted in order to evaluate the 

results and compare them with the results from IMS. First of all, a comparison between the 

number of sensors used by IMS and CSIRO was carried out. In Figure 5.22 the distribution for 

the number of sensors used by the two groups is plotted. The difference is striking, with IMS 

using on average five sensors compared to 8-9 for CSIRO. 

 

 

Figure 5.21 Seismograms of an event recorded on 14th February 2014 at 08.42.13 am from the continuous 
database. As shown a clear waveform was available for 12 geophones, while in the triggered database only four 
sensors were recorded 
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Figure 5.22 Comparison of number of geophones used by IMS (above) and CSIRO (below) for the same events  

 

Given the higher number of sensors used by CSIRO and the more complex velocity model, one 

would assume better location accuracy was achieved. In Figure 5.23 the seismic events located 

by CSIRO are plotted and coloured according to the main seismically active areas and sized by 

log energy.  
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Figure 5.23 Seismic events coloured based on the main seismically active areas and sized based on log energy: (1) 
Page Creek Fault; (2) wedge failure; (3) CBX block; (4) upper pit wall section; (5) buttress slip zone 

 

The first consideration of the results is that for the new database, the general event 

distribution pattern does not significantly change from that provided by IMS. The main 

difference is the identification of an additional seismogenic zone (5), located in 

correspondence to the shallow buttress slip zone, and previously not observed in the IMS 

database. Also in the proximity of Page Creek failure (1), the number of seismic events 

detected increased from 82 to 142.  

However, there are several issues to be raised. The first one regarding the fact that CSIRO 

didn’t take into account sensor orientation. As shown in Figure 5.24, there is still a wide spread 

in terms of event location in both the CBX and wedge failure cluster, similar to the preliminary 

results from IMS, when they didn’t include this parameter in their location algorithm. 

Therefore, it can be observed that in the presence of a poor 3D seismic array configuration it is 

not sufficient to reduce the location inaccuracy if sensor orientations are not taken into 

account. 
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Figure 5.24 Distribution of seismic events for seismogenic zone (2) (above) and zone (3) and (4) (below). It can be 
observed how seismic data still show an unusual distribution, particularly evident for the CBX area (seismogenic 
zone (3)). 

 

The second observation is related to the velocity model adopted. The fact that the location 

error between the surveyed and calculated location for the blast shot is less than what was 

estimated by IMS doesn’t necessarily mean that the CSIRO model is more accurate. In fact, the 

velocity model was mainly obtained by changing the seismic boundary between the volume 

north and south of Pandora’s Fault. Therefore, it is clear that the location error has to be 

smaller. Moreover, as will be discussed in Section 5.2.2, the calibration shot waveforms can be 
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influenced by the pit geometry, given the fact that some of the ray paths intercept the surface. 

This effect was not considered by CSIRO. 

 

 

5.5 Manual processing  

5.5.1 Investigation of the continuous seismic database 

A further investigation was conducted by the author in order to gain a better understanding of 

the data available. The continuous database was uploaded into the software Trace (IMS 2016), 

where each single event was analysed and manually reprocessed using the same location 

algorithm previously implemented by IMS. The work included the manual checking of the 

continuous data, based on all waveforms recorded in the triggered database. The final 

outcome resulted in the reprocessing of 1,319 events and the location of 678 new events for 

the period between 1st February and 31st May 2014. Figure 5.25 shows a 3D view of the events 

recorded coloured and sized by moment magnitude.  

 

 

Figure 5.25 3D view of seismic event locations reprocessed, coloured and sized by moment magnitude 
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Using the continuous data the number of events almost doubled compared to IMS results. 

Similar to the CSIRO database, far more activity can be observed along Page Creek Fault and a 

new cluster of events is now visible in correspondence to the shallow slip failure in the 

buttress. More importantly, with the new data the number of events for the upper section of 

the wall increased from 80 to almost 190.  

Based on the analysis of the continuous database compared to using the trigger database, 

three main findings were discovered. The first one is that in many cases events were simply 

overlooked by IMS and not processed although a valid picking of P and S was available. 

Probably, the reason is that manual processers are mainly trained on underground signals, 

where it is common to focus on high energy events and the processing of weak signals is not 

consider as important. Another important finding was that most of the events which were 

interpreted as dipping back in the wall for the CBX block and the wedge failure, after the 

reprocessing they were relocated much closer to the pit surface. Analysis of the IMS 

processing revealed that the majority of those events triggered were mainly in the central part 

of the array, while the other signals from the sensors in the lateral boreholes were not 

recorded and therefore not used. Taking into account the discussion regarding the ideal 3D 

configuration of a seismic array, it is evident how ignoring using the lateral sensors would 

introduce large uncertainties in the location of those events. 

As mentioned in Section 5.3.4, surely the fact that the orientations of the sensors were taken 

into account by IMS limited this effect compared to the initial results. However, the use of 

additional sensors from the lateral boreholes helped to further constrain the locations. It is 

also important to say that it was a combination of using more sensors and taking into account 

sensor orientation that led to a better source location. In fact, CSIRO was able to use more 

reliable picking than IMS. However, the fact that they didn’t consider the sensor orientation 

penalised the quality of their results. 

In Figure 5.26 and Figure 5.27 the variation in location from these areas between IMS and the 

manual reprocessed database are shown. Figure 5.28 shows the number of sensors used to 

locate the same events. It can be noticed how on average seven to eight sensors were used. 
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Figure 5.26 (a) location of seismic events in the wedge failure area provided by IMS; (b) manually reprocessed 

 

 

Figure 5.27 (a) Location of seismic events in the CBX area (yellow) and upper section of the pit wall (green) 
provided by IMS; (b) manually reprocessed 

 

Finally, the last finding was that the signals from some sensors were missing from the 

recording. In Figure 5.29 it is shown how the continuous database appears in the software 

Trace (IMS 2016). Normally, seismograms are divided into files every 10 s and the number of 

geophones traced is indicated. Normally, one would expect to see 16 waveforms, 

corresponding to each of the 16 geophones. However, for a timeframe that can vary between 

a few minutes to a few hours, some traces are missing (in example four). The sensors affected 

can vary and it doesn’t seem to be correlated to a mechanical fault of the instrument.  

 



Chapter 5 – Microseismic data analysis 
 

 

151 
 

 
Figure 5.28 Number of sensors used for source location during the reprocessing for the same events identified by 
IMS 

 

 

In order to exclude some errors related to the continuous data recording only, production 

blast signals were analysed in the triggered database. For the time period prior to the 21st of 

March 2014, all blasting was correctly recorded by all 16 geophones. However, as shown for a 

production blast which occurred on the 27th March 2014 at 10.30 am, only 12 sensors were 

present in the triggered database. A quick correspondence with IMS identified the problem in 

the wireless connection. If there was not enough bandwidth at the time that the sensors were 

triggered, the information was lost. This aspect is particularly important because, as will be 

discussed later, it reduced the number of sensors effectively available for processing even if 

the system was designed for continuous recording. A possible solution for this issue will be 

addressed in the final chapter of the thesis, where the recommendation for seismic system 

design will be discussed.  
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Figure 5.29 Continuous seismic database highlighting the time of a production blast occurred on the 27th March 
2014 around 10.30 am (left) and the same event in the triggered database (right); as shown in both databases the 
blast was detected by only 12 geophones, while normally all instruments should be triggered 

 

 

5.5.2 Effect of pit geometry 

A separate discussion is needed to address the possible effect of pit geometry on the location 

of events. In this discussion, it will also become important later on in Section 5.6, where the 

author will discuss the ESG data processing. During the manual processing the effect is clearly 

observable for the events at the bottom of the pit and around the Page Creek Fault area. In 

fact, in these areas the curvature of the pit causes the intersection of the ray path with the 
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surface if a straight line between the source and the sensors is assumed. As the IMS algorithm 

cannot take into account this effect, the solution was to exclude the sensors which the ray 

path from the source was going to be influenced by pit geometry. Let’s now consider one of 

the events recorded in the Page Creek Fault area. In Figure 5.30 the theoretical straight ray 

paths from the event to each sensor are shown. It can be easily observed how the line from 

source to sensors S13, S14, S15 and S16 intercept the pit.  

 

 

Figure 5.30 Theoretical straight ray paths for an event recorded around the Page Creek Fault area on the 23rd 
February 2014 at 08.23.07 am. It can be observed how ray paths from the source to sensors S13, S14, S15 and S16 
intercept the pit 

 

Table 5.3 shows the time residuals for the events for each sensor with a P and/or S-wave pick. 

Sensors where the ray paths intercepted the pit surface have been excluded (S13, S14, S15 and 

S16). In this case the results indicated a really small time residual, with a location error of 

5.6 m. 

Let’s now investigate the effect of trying to pick some of the arrivals from the other sensors 

with a ray path that crosses the pit surface. In Figure 5.31 two different seismograms from two 
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different triaxial sensors, S11 and S15, are shown. For the first one, the ray path source-sensor 

can be approximated to be linear and no interaction with the pit surface is occurring. In this 

case the arrival of the P-wave is occurring before the S-wave and a clear pick is available. On 

the other hand, looking at S15, the waveform is not as clear and the first arrival occurred on SH 

component rather than P. This effect is clearly caused by the interaction between the 

wavefront from the events and the free surfaces, causing P and S-wave inversion and 

generating surface waves. Most likely, it was the SH component (a surface wave), which 

arrived first, travelling close to the surface.  

 

Table 5.3 Time residual expressed in milliseconds (P and S error) for an event recorded around the Page Creek 
Fault area on the 23rd February 2014 at 08.23.07 am 

Sensor 
Excluding S13, S14, S15, S16 

P-error (ms) S-error (ms) 

S1 -9 15 

S2 -13 4 

S3 -4 2 

S4 1 - 

S5 -1 4 

S6 -7 0 

S7 -5 7 

S8 -8 -1 

S9 -1 - 

S10 -6 - 

S11 -5 10 

S12 3 - 

S13 - - 

S14 - - 

S15 - - 

S16 - - 
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Figure 5.31 Rotate seismogram P, SV, SH component for sensor S11 (above) and S15 (below). While for S11 a clear 
first arrival for P and S-waves is observed. For S15 the interaction with the pit free surface caused the creation of 
surface waves, making for difficult and accurate picking of P and S-waves for the location 

 

Let’s now recalculate the event location and location error including sensor S14, which is 

uniaxial and at a first appearance could show a P-wave arrival. In this case, the average 

location error went up to 20.2 m, with the single time residual up to 199 ms. Moreover, the 

location of the event moved 33.1 m. This simple example highlights what could be the effect 

and the problem when dealing with seismic monitoring in open pit mines that often tends to 

be ignored. As often picking of P and S-waves is initially done using an automatic picking 

algorithm and manual checking is only done later, this aspect can be overlooked by the human 

operator and inaccuracies can affect the final results. Therefore, it is recommended that the 

people involved in the manual processing should be aware of such issues. 

It was then decided to recalculate the location of the calibration blasts using all seven shots 

and compare the results using all sensors available (Table 5.4) and excluding the sensor which 

the ray path intersect the pit (Table 5.5). The results clearly indicate that the differences 

between the surveyed and the calculated locations improved as unreliable sensors were 

excluded. 
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Table 5.4 Result from back-analysis of the calibration blast using all sensors available 

Shot 
ID 

Calculated location Sensor used 

Easting 
error (m) 

Nothing 
error (m) 

Elevation 
error (m) 

Total error 
(m) P picks S picks 

1 6.9 11.0 22.0 25.6 16 7 

2 
Misfired shots 

3 

4 8.9 6.3 27.5 29.6 15 7 

5 4.6 -8.2 25.7 27.4 16 6 

6 12.9 10.0 21.5 27.0 15 7 

7 -4.3 -7.7 21.0 22.8 16 7 

8 -6.5 5.3 24.1 25.5 16 7 

9 11.3 -9.5 20.7 25.4 16 7 

Root mean square error (m) 15.5 

 

Table 5.5 Result from back-analysis of the calibration blast excluding the sensors, which the ray path intercepts 
the pit surface 

Shot 
ID 

Calculated location Sensor used 

Easting 
error (m) 

Nothing 
error (m) 

Elevation 
error (m) 

Total error 
(m) P picks S picks 

1 -0.2 6.6 8.6 10.8 12 7 

2 
Misfired shots 

3 

4 -4.0 -0.8 11.9 12.6 12 7 

5 2.6 -5.9 15.7 17.0 11 6 

6 8.8 -2.3 10.7 14.0 11 6 

7 7.9 -8.5 7.0 13.6 10 5 

8 -8.1 5.4 -10.4 14.3 9 3 

9 -9.0 -5.5 7.5 13.0 9 3 

Root mean square error (m) 8.1 
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5.5.3 Spatial and temporal distribution patterns 

The analysis of the microseismic data revealed a strong relationship between the temporal and 

spatial style of activity for different areas of the slope, in response to the triggering input. 

Given now a better database to work with, a more detailed analysis was undertaken. Seismic 

activity was subdivided into four time windows and represented as 3D views, in order to 

highlight the spatial and temporal distribution of the events as shown in Figure 5.32. This 

analysis allowed the following activation sequence to be identified: 

A. From the 15th February 2014 seismic events started to be recorded behind the pit wall, 

with a rate of approximately 11 events per day. The activity was mainly concentrated 

in the lower section of Page Creek Fault, in the wedge failure sector and behind the 

CBX block (Figure 5.32a); 

B. On the 23rd and 24th of February 2014, two main event clusters were observed. The 

first one corresponded to a localised planar failure in the lower section of Page Creek 

Fault, while the second occurred in the buttress, where the slip zone was observed. A 

generalised increase in seismic activity was recorded (~20 events per day), with events 

also being detected in the upper section of the wall (Figure 5.32b) 

C. From the middle of March to the middle of April 2014, seismic activity rate reached its 

peak, with more than 30 events per day. Activity was mainly localised in the wedge 

failure sector, behind the CBX block and in the upper section of the wall. Events were 

also recorded in the right corner at the base of CBX block and along Pandora's Fault 

(Figure 5.32c); 

D. Gradually, from the middle of April 2014, events were mainly concentrated in the 

wedge failure sector and behind the CBX block. Activity progressively slowed down, 

reaching only a few events every week by the end of May (Figure 5.32(d)) 

In Figure 5.33 seismic events have been grouped by clusters based on the temporal and spatial 

state of activity: (1) Page Creek Fault, (2) wedge failure, (3) CBX block, (4) upper wall sector, (5) 

slip on the buttress, (6) right bottom corner CBX block and (7) Pandora's Fault cluster. 
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Figure 5.32 (a, b, c, d) Seismic events recorded from February to May 2014 behind the SW Wall. 3D view showing 
the seismic activation sequence for different time windows (seismic events are coloured and sized by moment 
magnitude) 
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Figure 5.33 Seismic events have been grouped by clusters based on the temporal and spatial state of activity: (1) 
Page Creek Fault, (2) wedge failure, (3) CBX block, (4) upper wall sector, (5) slip on the buttress, (6) right bottom 
corner CBX block and (7) Pandora's Fault cluster 

 

 

5.5.4 Rock mass damage with depth 

After establishing links between the spatial and temporal style of activity for both ground 

surface deformations and seismicity, an investigation of the distribution of event locations 

with depth was conducted. The aim was to compare seismic activity occurrence with the case 

scenarios from the 2013 studies and numerical modelling. The interpretation is based on a 

section view through the main body of the slope and the comparison of seismic events with 

the geological-geotechnical information and ground deformation data previously discussed. 

Results indicate that the likelihood of the presence of any seismic activity related to the 

development of a deep-seated failure can be excluded (Figure 5.34). In fact, only a few and 

unclustered events were recorded at depth into the slope. Further investigations have also 
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highlighted how most of these events were poorly located as only a small number of sensors 

were actually used in this location.  

 

 

Figure 5.34 Section through the distribution of the distance of seismic events from the surface for the upper 
section of the pit wall (above) and for the wedge failure area (below) 

 

Seismicity tends to be concentrated within a narrow band at 40 m from the surface and behind 

the CBX block. Particularly interesting is the reduction of seismic activity in the lower section of 

the wall near surface. A similar characteristic was also observed in another section view along 

the wedge failure sector (Figure 5.34). This distribution can be interpreted as a result of a 

different instability mechanism between the surface and at depth. The surface monitoring 

shows a large amount of ground surface displacement. The material, close to the surface, is 

characterised by intensely broken/weathered rock mass and is no longer able to produce and 

propagate much seismic energy (i.e. it is an aseismic zone). This area is subjected to 

creep-driven movements that are always present even in dry conditions and characterised by 

an acceleration in movement related to seasonal rainfall. 

Unfortunately, the depth of this zone is hard to assess as no subsurface instrumentation such 

as inclinometers or extensometers were available and the seismic location accuracy doesn't 

allow for this type of resolution. Examples in the literature reported how the thickness of a 
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weathered shale layer may reach 9-13 m (Franklin 1981). This shallow instability has caused 

the rotation of the CBX block and triggered further deformation at depth, where between 20 

and 40 m of shearing and rock mass damage is developing into a multi-batter failure. 

Seismicity behind the CBX block is then related to the creation of an active-passive wedge type 

mechanism. This type of mechanism seems to reduce during the dry season and be more 

active during rainfall events. There is no indication of the development of a deep-seated failure 

and the extension of the movements into the lower section of the wall. 

 

 

5.5.5 Es/Ep ratio distribution 

An investigation to better understand what type of fracturing mechanism was generating the 

seismic events was carried out. Initially, this analysis was undertaken looking at the ratio of 

energy associated with the S-wave and P-wave (Es/Ep). As mentioned before, this parameter is 

dependent on the focal point mechanism at the seismic source. In order to investigate possible 

biases on the distribution related to the completeness limit, the sensitivity of the dataset was 

reassessed. As shown in Figure 5.35, it can be seen how the mmin doesn’t significantly change 

(-1.3) compared to IMS. However, a better relationship was achieved, with the deviation from 

the straight line removed.  

 

 

Figure 5.35 Sensitivity analysis and mmin for the reprocessed database 
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The value of mmin was then used to filter the Es/Ep distribution. Figure 5.36 shows the Es/Ep 

distribution for the complete and the filtered database respectively. It can be seen that the 

two curves don't change significantly. Considering the filtered distribution, approximately 45% 

of the seismicity is purely related to shear fracturing (Es/Ep > 4.5), while another 49% involve a 

tensile/extensional component (1 < Es/Ep < 4.5). Only 6% can be attributed to pure 

tensile/extension events (Es/Ep < 1). Notwithstanding that this is only a qualitative parameter, 

it can support the hypothesis that the seismic events have been generated by the combined 

effects of shearing along bedding planes and the breakup of the rock mass between these 

shearing zones. 

 

 

Figure 5.36 Es-Ep distribution chart. Seismic events have been grouped according to fracturing mechanism type 

 

As previously mentioned, the distribution of Es/Ep ratio for the filtered and unfiltered database 

didn't show any major variation. However, looking in more detail, it can be observed that by 

excluding seismic events smaller that a moment magnitude of −1.3 Mw, the percentage of 

pure shearing events slightly increased. This could suggest that a correlation exists between 

event magnitude and mechanism type. In order to verify the relationship, the Es/Ep distribution 

was plotted for different magnitude ranges (Figure 5.37). Looking at the graph, it can be seen 

how as the local magnitude increases, the percentage of pure shearing events tends to 

increase as well. At the same time, the number of pure tensile events decreases. 
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This would suggest that the fracturing process is initiated by a progressive coalescence of small 

extensional cracks that subsequently result in stronger shear type events. Similar observations 

were found at the laboratory scale using acoustic emission (AE) to track the development of 

failure planes (Sellers et al. 2003; Manthei 2005). 

 

 

 

Figure 5.37 Es-Ep distribution for different ranges of moment magnitude. It can be noticed how the proportion of 
pure shear event (Es/Ep >4.5) tends to increase with the increasing of moment magnitude. At the same time, pure 
tensile events (Es/Ep < 1) decrease 

 

 

5.5.6 Moment tensor analysis 

IMS was asked to provide the moment tensor solutions for the events of the main clusters 

(Meyer 2015a, b). These data are particularly interesting and can be used to determine the 

possible orientation of the fractures, which have generated from the seismic events, assuming 

a double-couple mechanism (i.e. ignoring block rotation). Moreover, decomposition of the 

moment tensors can provide information of the type of mechanisms. For this reason, the data 

was imported into mXrap, to visualise the data and plot the solution according to Vavryčuk 

(2015). 
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It is important to highlight that in the case of Century, several challenges were identified to 

accurately determine the moment tensor solution. The most important one is that the seismic 

array distribution is not ideal, having only a few directions in which to measure the polarity of 

seismic waves. Eyre and van der Baan (2015) suggested that monitoring networks should be 

designed to maximise the sampling of the seismic radiation pattern. Moreover, the 

combination of low-frequency waveforms, low-amplitude signals due to events being small, 

high noise levels and close proximity of sensors to events complicates the analysis even 

further. After the inversion, a synthetic waveform was calculated and compared with the 

observed one in order to verify the quality of the inversion.  

 

For the analysis, the following stringent criteria were applied (Meyer 2015b): 

• At least six geophones had to be used for the analysis; 

• Six valid P picking and two valid S picking; 

• Misfit between the observed and synthetic wave less than 0.3 ms; 

 

Following this out of approximately 2,000 events moment tensor solutions could be calculated 

only for 200 events. Unfortunately, the use of the continuous data in this case wasn’t of much 

help. In fact, while for location more sensors could be used, for moment tensor analysis the 

waveforms were affected by high noise and reliable polarities could not be determined. In 

Figure 5.38 the beach balls available from the moment tensor analysis are shown. 

For each area, the nodal plane poles were plotted with the poles of the main structural 

domains obtained from core logging and/or photogrammetry. The aim was to compare the 

possible focal planes with the known geological structures (bedding/faults). In addition, 

decompositions of the moment tensor were plotted in the Vavryčuk (2015) diagram to 

understand the possible mechanism associated. 
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Figure 5.38 3D view of the pit wall and beach ball obtained from the moment tensor analysis 

 

In Figure 5.39(a) nodal plane solution for the events around Page Creek failure are plotted with 

the orientation of the bedding plane and Page Creek fault in the area. It can be observed that 

there is a good correspondence between the moment tensor result and the structural data. In 

Figure 5.39(b) for the same events, the moment tensor has been decomposed. As suggested 

by (Vavryčuk 2015) the sources have been grouped into three main categories. Events are 

considered double-couple or shearing when the DC component exceeds 0.5. If both the ISO 

and CLVT component are positive the events are considered tensile (increase in volume), 

otherwise if both are negative they are considered compressive (decrease in volume). For the 

area considered, the majority of seismicity seems to be related to a combination of 

compressive and tensile fracturing, with opening cracks reaching 76% of the total events. This 

is not surprising, considering that the expected mechanism in the area is dilation along Page 

Creek Fault, related to an increase of water pressure along the fault after the rainfall. Similar 

behaviour would also be expected along Pandora’s Fault. However, given the fact the fault is 

characterised by the presence of thick clay infill suggested that Pandora’s is more aseismic and 

only a few weak events were detected by the microseismic system. 

 



Chapter 5 – Microseismic data analysis 
 

 

166 
 

 

Figure 5.39 Moment tensor analysis for Page Creek Fault failure events; (a) Stereonet with nodal plane solution 
from the MTI analysis and orientation of Page Creek Fault and bedding plane in the area; (b) moment 
decomposition diagram 

 

If the events in the wedge failure area are considered, important information can be extracted 

(Figure 5.40). The first one is that the nodal plane agrees well with the orientation of the 

bedding plane orientation in the zone, with the bedding plane rotation adjacent to Page Creek. 

However, a second set of cracks dipping in the same direction, but with a flatter angle was 

identified. A possible explanation comes from looking at the variation of bedding orientation 

identified in the South Wall (Figure 5.41). In fact, it appears that slope scale angulation is 

affecting the bedding. In the photos it is easy to follow how while the overall angle is about 

45°, cross-bedding structures at low angles are also observed. In the specific case the variation 

was easily to distinguish as a distinctive tuffaceous band characterised by the sedimentary 

sequence. 

Taking into consideration the previously mentioned Es/Ep ratio distribution and looking at the 

moment tensor decomposition, it seems plausible that the events in the area could be 

associated with a complex mechanism. In fact, if movement along these structures occurred, it 

could be a combination of shear events with opening and closing of cracks, depending on the 

local orientation of the bedding. In this case, it was recognised that approximately 23% of the 

total events were related to shearing, while 21%  were associated with opening and 56% 

associated with closing of cracks. 
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Figure 5.40 Moment tensor analysis for the wedge failure events; (a) stereonet with nodal plane solution and 
comparison with the geological features in the area (b) moment decomposition diagram 

 

 
Figure 5.41 Particular from a photo taken on the South Wall showing how bedding is locally affected by slope 
scale angulation with possible propagation of shearing along high and low angle structures. 

 

Finally, an analysis was also carried out for the CBX block area (Figure 5.42). For these events 

the interpretation of the data was more difficult as apparently there was no direct 

correspondence between the nodal plane and known geological structures. However, 

considering that a possible mechanism for the area is an active-passive wedge, it is possible to 

imagine that fracturing and shearing must develop at the almost vertical contact between the 

shales and the CBX block. In fact, only this structure can possibly accommodate the progressive 

rotation and pushing out of the CBX due to the deformation behind. On the other hand, 
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looking at all of the fracture mechanisms identified, it can be observed how opening cracks 

represent the most important mechanism, with some shearing and closure cracks. These 

mechanisms are compatible with the active-passive wedge just discussed for the CBX where it 

is suggested to both crushing and opening due to the load created by the shallow rock mass 

behind moving down the slope. Moreover, shearing must occur to allow for the block to rotate 

(Figure 5.43). 

 

 
Figure 5.42 Moment tensor analysis for the CBX events; (a) stereonet with nodal plane solution and comparison 
with the geological features in the area; (b) moment decomposition diagram 

 

 
Figure 5.43 (right) Photo showing the detachment of the CBX block in response of the deformation in the upper 
section of the SW Wall; (left) sketch showing the possible explanation of the mechanism, with vertical cracks 
forming at the contact of the two units and shearing to allow the progressive rotation and detachment of the CBX 
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5.6 ESG processing 

5.6.1 Velocity model and analysis approach 

A final processing of the data was provided by ESG (ESG 2016). The aim of the analysis was to 

have another independent analysis to confirm some of the interpretations discussed in the 

previous sections and to investigate other approaches used by a different server provider. The 

first step adopted by ESG was to import the SEG Y files into their own software and retrigger 

the entire continuous database available. In this case, a much lower STA/LTA threshold was 

used compared to IMS. The length of STA and LTA was set at 30 and 100 ms respectively. 

When at least five stations experienced a STA/LTA ratio greater than three, the system was 

triggered and the event automatically processed.  

In terms of the velocity model, based on the only calibration blast, an initial homogeneous 

isotropic velocity model was established, with Vp and Vs at 3,620 and 1,940 m/s respectively 

(Figure 5.44). 

 

 

Figure 5.44 P and S-wave seismic velocities estimated from the analysis of the calibration blasts (ESG 2016) 
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Based on the approach proposed by Trifu and Shumila (2010), a 3DVM was then developed in 

order to simulate the effect of pit geometry. As briefly discussed in literature, the model is 

based on a 3D grid approach, where two different velocities are assigned for the rock mass and 

the air, based on the pit DTM available. For Century, the initial homogeneous isotropic seismic 

velocities from the blasting test were assigned to the rock and a velocity of 340 m/s for the air 

Figure 5.45. The algorithm first identifies if a theoretical straight ray path intersects the pit. If 

this is the case, the algorithm uses a Huygens–Fresnel principle to find the shortest path which 

doesn’t intercept the pit (Aki and Richards 2002). Otherwise in all other cases a straight ray 

path is assumed. 

 

 

Figure 5.45 3DVM seismic velocity model assumed to consider the bending of the ray path around the opening. Vp 
and Vs were assigned to the rock mass based on preliminary calibration blasts, while a Vp of 340 m/s was 
assigned to the air (ESG 2016) 

 

In Figure 5.46 are compared the ray paths from one of the calibration shots using the 3DVM 

and the Isotropic VM. It can be noticed that for some of the source-sensor ray path, the 

algorithm builds a curved ray path. Back-calculations of all seven calibration shots are shown in 

Table 5.6 and Table 5.7. 
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Figure 5.46 Comparison between the ray path from the 3DVM and the homogenous isotropic velocity model (ESG 
2016) 

 

 

Table 5.6 Back-calculation of calibration shots using an homogenous isotropic model (ray path bending is not 
considered) 

Shot 
ID 

Calculated location Sensor used 

Easting 
error (m) 

Nothing 
error (m) 

Elevation 
error (m) 

Total error 
(m) P picks S picks 

1 15.2 23.5 33.0 43.3 16 2 

2 
Misfired shots 

3 

4 3.1 22.3 23.1 32.3 16 2 

5 1.2 25.7 21.9 33.8 16 3 

6 6.1 35.8 55.8 66.6 16 4 

7 0.1 47.0 38.0 60.4 16 3 

8 2.7 13.1 45.9 47.8 16 2 

9 8.6 31.3 77.8 84.3 16 2 

Root mean square error (m) 32.8 
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Table 5.7 Back-calculation of calibration shots using the 3DVM to take into account the effect of pit geometry 

Shot 
ID 

Calculated location Sensor used 

Easting 
error (m) 

Nothing 
error (m) 

Elevation 
error (m) 

Total error 
(m) P picks S picks 

1 12.3 16.4 11.4 23.5 16 2 

2 
Misfired shots 

3 

4 17.3 4.3 10.7 20.8 16 2 

5 19.5 1.5 2.5 19.7 16 3 

6 15.8 7.8 6.8 18.9 16 4 

7 26.8 0.2 1.8 26.9 16 3 

8 3.2 3.2 2.5 5.2 16 2 

9 7.9 7.2 2.6 11.0 16 2 

Root mean square error (m) 11.4 

 

An attempt was made to examine the effect of seismic velocity anisotropy. Starting from the 

homogenous seismic velocities inferred from the calibration blasts, both P and S-waves were 

assumed to vary by a certain percentage (+x) parallel and (-x) normal to the bedding. At the 

same time a similar factor was applied to the mean orientation of the bedding. For the 

investigations eight possible velocity models were built, starting from a degree of anisotropy of 

10% (based on laboratory test Vp velocities) to 0.1%. Back-calculation of the calibration blasts 

using these models indicated an average error between 40 and 60 m. In this sense, the 

approach used implicated too many assumptions, which cannot be verified. For example, it 

was assumed that both P and S-waves are affected in the same way. Moreover, the bedding 

variations assumed are far too simplistic compared to the field. The results of this study 

indicated that there are no shortcuts and more calibration blasts around the array would have 

been necessary to build a velocities model, which could have included the effect of anisotropy.  

Therefore, for the further processing undertaken it was decided that the 3DVM would have 

provided the more reliable results. For the processing, all sensors available in the continuous 

database were used and orientation of sensors was adopted as input in the location algorithm. 

However, due to the large amount to data recorded, the entire dataset was automatically 
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processed using a standard STA/LTA auto-picking algorithm (see Chapter 2 for more details). 

After the auto-picking, ESG proceeded with manual quality checking including: 

• Non-existence of effects from artificial noise; 

• Excluding noisy signals; 

• Location error. 

 

 

Figure 5.47 Anisotropic velocity model (ESG 2016)  

 

 

5.6.2 Results and discussion 

Once a velocity model was established, automatic process of the events was carried out from 

the database between December 2013 and June 2014. As for the other groups, the analysis 

and discussion of the data was focused on the seismic activity observed from 1st February to 

31st May 2014. Figure 5.48 shows a 3D view of the results provided by ESG, with seismic events 

coloured and sized by moment magnitude. 

The first observation is that the number of events located increased sixfold, with a total 

number of approximately 6,000. Of those approximately 35% were observed below the pit 

level, while the majority occurred behind the pit wall. These results are not totally unexpected, 

as processing of the data was based on a retriggered database obtained reducing significantly 

the STA/LTA threshold. Particularly significant is the increase in correspondence of the Page 

Creek failure area and the shallow slip failure. In the other seismic zones (wedge failure, upper 

SW Wall section and CBX), the increase in number of events is not significant (less than 5%). 

Despite this, the overall distribution of the data seems to be coherent with the latest manual 

results. A detailed analysis revealed several issues. 
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Figure 5.48 Seismic events located by ESG, recorded from the 1st February to the 31st May 2014, coloured and 
sized according to moment magnitude. 

 

As for the previous database, seismicity was evaluated from two main section views though 

the wedge failure area and the CBX (Figure 5.49). The main difference with the previous results 

(manually processed) is that the locations of the events are much more spread out and the 

band between 30-40 m is much harder to identify. Moreover, as there is more  activity nearer 

to surface (within 10 m), the so-called aseismic zone seems much higher.  

However, doubts still remained about the effective quality of the data. The first reason is that 

given the fact that the rock mass near the surface is damaged, if an event is effectively 

occurring in such zone, the velocity model assuming such high seismic velocities would not be 

able to accurately locate those events. Given the examples available in the literature (Brückl & 

Brückl 2006; Ganerød et al. 2008; Roth & Blikra 2009) it is likely that in this area seismic 

velocities are less than 1,000 m/s. This implies that locations for events in that area are most 

likely inaccurate.  
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Figure 5.49 Analysis of seismic activity recorded in the two main sections of the pit wall (upper SW section and 
wedge failure section). Events are coloured based on distance from the surface. Distribution of the distance of 
events from the surface for the two sections is shown on the right side of the figure 

 

In addition, a spread in the distribution of the events seems to again affect the area around the 

CBX block and the wedge failure. A possible source of error may have come from the 

automatic picking algorithm. In fact, as discussed in the literature, STA/LTA for the automatic 

detection of P and S-waves should be chosen between five and 10 (Allen 1978; Trnkoczy 2002; 

Akram and Eaton 2016). However, ESG was trying to increase the number of events recorded 

used a value which is too low (three), negatively impacting the auto-picking algorithm. 

In order to test the latest hypothesis, a selection of 34 events was selected from both sections 

and ESG was asked to manually reprocess them. In Figure 5.50 the difference in locations 

between the manually and automatic processing are shown. It can be noticed how on average 

the errors related to inaccurate picking are in most of cases around 30 m. As illustrated in 

Figure 5.51 and Figure 5.52, the events were originally located at about 70 m from the surface. 

However, after the new processing they moved much closer to the surface at about 40 m, 

coherent with the locations where the developed fracturing surface was previously identified.  
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Figure 5.50 Location total difference between manual and automatic processing for the 34 events selected 

 

 

Figure 5.51 Location difference between the automatic and manual processing for the some of the selected 
events along the SW section 
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Figure 5.52 Location difference between the automatic and manual processing for the some of the selected 
events along the wedge failure area 

 

 

Another interesting area to analyse is the seismogenic zone around Page Creek. In the results 

provided by ESG the number of events increased from approximately 200 to over 1,200, of 

which 90% were recorded on the 23rd February 2014 when the local failure occurred. Figure 

5.53 illustrates two 3D views showing the event locations from the manual processing and 

from ESG processing from the same area.  

 



Chapter 5 – Microseismic data analysis 
 

 

178 
 

 
Figure 5.53 Seismic events located manually processed by the author (a); and by ESG (b) around the Page Creek 
Fault failure 

 

Looking at the figures it can immediately be noticed how the spread in the location 

uncertainties are much higher in ESG results. In this case the causes have to be researched 

regarding two main factors: 

• Most of the events that have been processed are weak events, with signals 

characterised by high ratios of noise/signal. Moreover, in many cases these are not 

associated with a single event, but a succession of small fractures which follow one 

another (Figure 5.54). Therefore, it was concluded that the combination of the 

extremely low STA/LTA, noisy signals and multiple weak events could have negatively 

affected the results. 
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Figure 5.54 Examples of seismic signals that were processed by ESG for location purposes. It can observed how in 
many cases those events show a high noise to signal ratio and can be characterised by multiple arrival times due 
to multiple fracturing  

 

• Another point of scepticism regards the ray tracing method adopted by ESG to take 

into account the pit geometry influence. As discussed in Section 5.5.2, the area around 

Page Creek is one of those, with the bottom of the pit, where seismic waves could 

intercept the surface instead of travelling along straight line source-sensors. The 

algorithm proposed by Trifu and Shumila (2010) assumed that the pit surface is only 

causing delays in the time arrival. Therefore, using a ray tracing method they simulate 

the bending of the ray paths around the pit, based on the available calibration blast, in 

order to get the best fit between location and time arrivals. However, as shown in the 

seismograph in Figure 5.31, these assumptions can be wrong as the interaction 

between the seismic wave and the surface causes the creation of surface waves, which 

arrive faster at the sensor. Therefore, that erroneous assumption can cause an 

additional source of error, having an impact on source location. 
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5.7 Summary and conclusion 

In this chapter the author has analysed the microseismic results acquired between February 

and May 2014 at the SW Wall at Century mine. Design of the system and installation of the 

instruments were performed by the Institute of Mine Seismology. The seismic events were 

recorded, based both on a triggered scheme and in continuous mode. As part of the research 

project, data was given to three independent groups to be analysed and provide their own 

results. One group applied a routine method using the triggered data, manually processed 

them and made them available for the engineers on site within 10 min. The other three groups 

later reanalysed the data using both triggered and continuous waveform. The current work 

compared the different results obtained, and highlighted some of the key points engineers 

should be aware of in the design and implementation of a microseismic system in open pit 

mines. 

Based on IMS results, the author highlighted how there is no evidence that failure along 

Pandora’s Fault, through the buttress and a deep-seated failure along Page Creek Fault, is 

actually occurring. Seismic activity is well correlated with the spatial and temporal distribution 

of the areas of instability, except for the shallow slip area, where only a few events were 

recorded. The shape of the distribution of seismic events behind the CBX block may indicate 

that some shearing structure is developing in order to accommodate the progressive rotation 

of the block. However, an unusual distribution of seismic events was observed in the CBX block 

and the wedge failure area, which the author found related to source location inaccuracy. 

While it was possible to exclude the development of a deep-seated failure, difficulties still 

remained in determining the exact behaviour of the rock mass in the upper section of the pit 

wall. 

CSIRO data highlighted how, based on continuous data analysis, it was possible to use more 

sensors to locate the seismic events. Hence, one would have assumed that better location 

accuracy could be achieved. However, as CSIRO didn’t take into consideration sensor 

orientation in their location algorithm, this increased location uncertainties. Moreover, the 

possible effect of pit geometry on seismic wave propagation was not accounted for. 

The manual processing results obtained by combining more sensors and including sensor 

orientation allowed the author to consistently reduce location inaccuracies for both the CBX 

block and the wedge failure area. Additional events were also identified in proximity of the 

shallow slip failure in the buttress, in correspondence of the lipping observed in the right 

corner at the base of the CBX. The new dataset showed that seismicity behind the lower 

section of the wall is concentrated within a narrow band between 30 and 40 m from the 



Chapter 5 – Microseismic data analysis 
 

 

181 
 

surface and behind the CBX block. The results are compatible with other observations, which 

allowed for the identification of an aseismic zone near the surface, where the material is 

completely broken/weathered and is characterised by creeping/plastic flow behaviour. The 

large deformations experienced by this zone may have caused the progressive rotation and 

detachment of the CBX block, triggering the development of much deeper fracturing at depth.  

The moment tensor analysis also helped to better comprehend the overall mechanisms. 

Firstly, it seems that the water is not only acting as a triggering for the weathered material, but 

is also causing the increase of water pressure on the lateral fault, with consequent stress 

release. However, the presence of a different infill material (crushed material for Page Creek, 

clay for Pandora’s Fault) has determined a different seismic response between the two faults, 

with Pandora’s Fault characterised only by weak, hardly detectable events. The wedge failure 

area seems instead dominated by shearing-type events, with opening and closure generated 

by an irregular angulated bedding plane surface. Finally, in the CBX area the seismicity seems 

to be coherent with an active-passive wedge mechanism, with shearing occurring at the 

contact between the CBX and the shales in order to accommodate the progressive rotation of 

the intrusion block. 

Finally, ESG results helped to identify several challenges that still exist in microseismic 

monitoring for open pits. First of all, current seismic velocity models based on just one 

calibration blast spot are not adequate to build more complex 3D velocity models to take into 

account heterogeneities and anisotropy, as far too many assumptions have to be made (e.g. 

ESG attempted to build an anisotropic velocity model). Secondly, reducing the STA/LTA 

threshold provided for the detection of more weak events around the Page Creek Fault area, 

previously unrecorded. However, due to the fact that such a large database has to be 

processed automatically this led to inaccuracy in the picking and therefore in source locations. 

Finally, in this case the best practice to take into account the effect of the pit geometry was to 

exclude some of the sensors. Velocity models built on the assumption that seismic rays simply 

bend around the opening can be erroneous, as in reality surface waves and P and S-wave 

inversion affects the signals. 
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6 Finite element numerical modelling 
6.1 Introduction 

The aim for the following numerical modelling is to analyse some of the concepts previously 

expressed and compare it with the available data and observations. For the analysis 2D finite 

element numerical modelling was carried out using RS2TM 9.0 (Rocscience Inc. 2016). Although 

the code is based on a continuum small-strain formulation and it is characterised by some 

limitations (small-strain logic, no accounting for fracture mechanics, no time-dependency, 

limited softening capability), it can be useful for investigating rock slope instability mechanisms 

and their controls (Hammah et al. 2008; Riahi et al. 2010; Stead and Coggan 2012).  

It is important to highlight that for the analysis a really simplistic approach has been adopted, 

as the objective was to simulate the disconnection between the deformations that occurred 

on the surface and the progressive damage of the rock mass at depth. As discussed previously, 

part of the slope material is no longer behaving as elastic and its deformation is governed by 

plastic flow. Modelling this type of behaviour and in particular trying to match the observed 

and modelled displacement would have required a more complex numerical approach such as 

particle flow hybrid finite discrete element codes (Stead et al. 2006), which were beyond the 

purpose of this thesis. 

 

 

6.2 Initial numerical approach 

For the proposed 2D analysis, a section profile for the main section of the wall was extracted 

by the available pit survey and material was modelled using a FE jointed rock model. A 

simplified geological model was built, assigning two different domains, one for the shales and 

one for the CBX unit. Pandora’s and Creek Fault were introduced in the model using joint 

elements. Stiffness and frictional strength properties for the faults have been assumed based 

on material and scale considerations and some of the test results conducted in the feasibility 

study (Golder Associates 1996). For both faults, cohesion, friction angle and tensile strength 

were assigned as 0.01 MPa, 25° and 0 MPa respectively. Normal and shear stiffness were 

assumed 10,000 and 1,000 MPa/m, respectively. 

Rock mass properties for the CBX have been estimated using the Hoek–Brown approach (Hoek 

and Brown 1997; Hoek et al. 2002) and the Geological Strength Index (GSI). Derived 
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Mohr–Coulomb failure criteria, with no post-peak dilatancy and cohesion loss were then 

assigned as constitutive model (Table 6.1). 

 

Table 6.1 Rock mass properties for the CBX unit 

Rock mass properties CBX 

Unit weight, γ (MN/m3) 0.027 

Poisson’s ratio, ѵ 0.3 

Deformation modulus (MPa) 9,152 

Tensile strength (MPa) 0.1 

Cohesion (MPa) 0.5 

Friction angle (°) 62 

Dilatancy angle (°) 0 

Residual friction angle (°) 45 

Residual cohesion (MPa) 0 

 

A joint model (Goodman et al. 1968; Hammah et al. 2008) was built in order to explicitly 

simulate the effect of the continuous shear bedding planes, which most likely represent the 

major structural control of the slope. As the area of instability is comprised within a limited 

section of the upper section of wall, the jointed model was restricted to this area only. These 

structures have been generated as a parallel joint network with inclination of 40°, infinite 

length and spacing 2.5 m to simulate the effect of anisotropy (Figure 6.1). Field stress 

measurements were assumed based on the results of DRA (Chapter 3). 

As discussed in Chapter 3, UCS results can be used to estimate Mohr–Coulomb parameters for 

the intact rock and plane of weakness at the laboratory scale. In this case, using the 

mathematic relationship proposed by Jaeger (1960), intact shear strength values (cohesion and 

friction angle) of 4 MPa and 28° were established for bedding and 22 MPa and 45° for the 

intact rock. However, these values cannot be used directly for modelling purposes. The first 

reason is that there are scale issues when dealing with rock masses (Hoek and Brown 1997). In 

the case of isotropic or heavily jointed rock masses, this is normally taken into account via GSI 

(Hoek and Brown 1997; Hoek et al. 2002). However, Marinos et al. (2005) and the same 
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authors who have proposed the index suggested that this approach cannot be used when 

structurally controlled slopes are analysed.  

Another important factor is that the UCS tests results were obtained by subsampling 18.5 mm 

core from available rock block in the shale present in the slope. However, out of the blocks 

available only a limited portion (less than 50%) was effectively suitable for testing. Many of the 

samples broke during the extraction from the drill bit or during the drilling itself. Therefore, 

most likely the results can be affected by censoring biases as it was only possible to test the 

strongest samples. 

A possible approach to deal with all these issues is to apply a Shear Strength Reduction 

technique to the Mohr–Coulomb parameters. Following this, a series of modelling analyses 

were run, progressively reducing the cohesion and tensile strength by a factor K, using a 

bisection method until the model became unstable. The K factor was equally applied for both 

the discontinuities and the intact rock. The results of this analysis indicate that the minimum K 

value before the model becomes unstable is equal to 0.175, corresponding to the values 

indicated in Table 6.2. Young’s Modulus was assumed based on Hoek and Diederichs (2006) 

empirical relationship and considering a GSI of 40. As shown in Figure 6.2, the model suggests 

that shearing is developing along the bedding planes at a depth of 30-40 m below the pit 

surface. These results are compatible with the data from the microseismic monitoring, which 

highlight how around a similar depth fracture development is occurring.  

 

Table 6.2 Bedding planes and rock mass properties obtained using a strength reduction technique for K = 0.175 

Shale parameters Bedding planes (K = 0.175) Rock mass (K = 0.175) 

Network type Parallel determinist - 

Spacing (m) 2.5 - 

Length (m) Infinite - 

Normal stiffness (MPa/m) 50,000 - 

Shear stiffness (MPa/m) 5,000 - 

Slip criterion Mohr–Coulomb Mohr–Coulomb 

Tensile strength (MPa) 0.175 1.4 

Cohesion (MPa) 0.7 3.85 

Friction Angle (°) 28 45 
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Young’s Modulus (MPa) - 5,097 

 

 

Figure 6.1 Setting of the numerical analysis used for the evaluation of the K factor. Continuous bedding planes 
have been introduced in the model as a parallel joint network with 2.5 m spacing 

 

 
Figure 6.2 Results from the model for K factor equal to 0.175. It can be observed how some yielding along 
bedding plane is occurring between 30 and 40 m below the pit surface. The lower boundary of this area matches 
the area where microseismic activity was recorded 
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6.3 Effect of weathering layers and rainfall water 

Following the initial results, an investigation was conducted of the implication of introducing 

an additional domain representing the weathered shales, which are acting on the surface. For 

the weathered material, the parameters of cohesion and friction angles of 0 and 35° were 

adopted and a Young’s Modulus of 800 MPa. The latest value was adopted to simulate the 

behaviour of an unravelling material, which essentially is moving by creeping. 

For a preliminary model, a thickness of 20 m was assumed. Looking at Figure 6.4, it can be 

noticed how the model becomes instable, with large deformation occurring on the surface and 

additional shearing is observable at depth. Despite this, there are limitations as the software is 

not able to handle large strain. As such, it can be assumed  that on the surface the material is 

in a state of plastic flow and the displacements can be considered infinite. 

 

 

Figure 6.3 Results obtained assuming a K factor equal to 0.175 and introducing a layer of weathered rock of 20 m 
thickness. As a result the model becomes unstable, causing large displacements due to plastic flow on the surface 

 

Subsequent to this, three additional numerical analyses were run. In the first model, a 

piezometric surface was introduced in the weathered zone to simulate the effect of rainfall 

water during the raining season (Figure 6.4). 
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A second model was run reducing the thickness of the weathered zone to 10 metres only 

(Figure 6.5). The final model is a combination of the first two case scenarios, with a thinner 

weathered zone and the surface water level (Figure 6.6). 

 

Figure 6.4 Numerical results using a 20 metres thick weathered zone and a piezometric line to simulate the effect 
of increasing water pressure caused by the wet season 

 

 

Figure 6.5 Numerical results obtained reducing the weathered zone to 10 metres and not considering the effect of 
additional water pressure near the surface 
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Figure 6.6 Numerical results from thinner weathered zone, but introducing an additional piezometric level related 
to wet season rainfall 

 

The analyses suggested that the thickness of the weathered zone and the influence of an 

increased water pressure caused by the rainfall play an important role in terms of stability and 

the amount of deformation recorded. In general, overall similar results were obtained by 

reducing the thickness of the weathered zone, but introducing the possible effect generated 

by the intensive rainfall recorded during the wet season. Shales normally are characterised by 

low permeability. However, given the fact that the material near the surface is completely 

broken, it is likely that the permeability in this zone is much higher, therefore having an impact 

on the instability mechanism. 

The numerical analysis is suggesting that the assumed geometry and a 10 m thin layer of 

weathered rock can create a toppling mechanism on the CBX, with progressive shearing at the 

contact between the shale and breccia units. The weathered material has a time-dependent 

type of behaviour and is subjected to continuous unravelling associated with rapid 

acceleration triggered by the rainfall. This material has caused the progressive rotation of the 

CBX block, which partially detached from the wall towards the end of March. The mechanism 

would eventually cause the progressive development of an instability surface in the upper 

section of the pit wall. 

Further development of a shearing surface, causing the progression of the instability up to 

30-40 m from the surface (Figure 6.7 and Figure 6.8) can be observed by looking at the prisms 
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available behind the pit crest. However, the numerical method is not able to reproduce the 

detachment of the CBX and the further instability which has been caused, but rather only the 

initial development of a shear surface. The microseismic events recorded in the upper section 

of the pit, most likely represent the development of such mechanism (See Chapter 5 for more 

details). In the following three years, the slope hasn’t failed and the buttress has remained 

intact. A recent photo taken with the help of a drone reveals that the area behind the pit crest 

is currently damaged up to 30-40 m behind the pit crest, with the creation of extensive 

back-scarps. However, the upper section hasn’t failed and the CBX is still holding the slope 

(Figure 6.9). 

 

 

Figure 6.7 3D view of the prism available in the area of instability at approximately 35 m from the crest, showing 
the vector and magnitude of displacement  
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Figure 6.8 Total displacements trend for the prism available behind the pit crest. It can be noticed that the 
acceleration coincides with the detachment of the CBX block 

 

 
Figure 6.9 Photo of the conditions of the slope in March 2016 using a drone. It can be observed how the actual 
mechanism has fully extended up to 35 m behind the pit crest, with creation of back-scarp morphologies. The 
CBX is still holding the slope, which hasn’t currently failed 
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7 Conclusion 

7.1 Summary 

Large unstable rock slopes can pose significant hazards for personnel and operations in open 

pit mines/road cuttings and a complete understanding of failure mechanisms and the state of 

the rock mass requires an analysis of a comprehensive dataset. However, in many cases 

information is limited to the interpretation of surface monitoring as often the installation of 

traditional subsurface monitoring devices is not feasible.  

Several case studies have previously addressed the use of microseismic monitoring in open pits 

and natural slopes. However, the technique is still experimental and as noted in the the 

literature review there was a need for a more comprehensive study which prompted the 

direction of the thesis. The main objectives of this research are: 

• Integration of geological/geotechnical data, and surface and microseismic monitoring 

for assessing the rock mass damage in a large unstable slope; 

• Evaluation of potential and limitations of current routine microseismic monitoring 

practice in open pit mines; 

• Providing additional guidelines for the implementation of microseismic monitoring of 

open pit rock slopes. 

 

For the case of MMG Century Mine an integrated approach was used, combining 

geological/geotechnical investigations, surface monitoring and finite element modelling to 

provide a better understanding of the large scale instability of the SW Wall. The work has 

allowed establishing important findings and valuable contribution to the geotechnical 

engineering and microseismic monitoring in open pit mines. 

The thesis highlighted the importance of integrating surface and subsurface monitoring data in 

order to achieve a comprehensive understanding of slope instability mechanisms. The analysis 

identified a strong relationship between the temporal and spatial style of activity for different 

sectors of the slope and the distribution of seismicity. Furthermore, the data helped exclude 

the development of a deep-seated failure and damage in the lower sector of the wall. Instead, 

the analysis provided evidence of how the slope does not act as a rigid block, but is 

characterised by different levels of deformation. A first shallow zone within 9-13 m is 

characterised by creep movements and most likely influenced by the weathering deterioration 

and acceleration in response to rainfall events. This zone has caused the progressive rotation 
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and partial detachment of the CBX block and the following development of a much deeper 

instability surface at depth (30-40 m). The mechanism on disconnection between the two 

mechanisms was well reproduced using some simplified FE numerical analysis. While the 

model is not able to fully represent the plastic flow behaviour of the material after failure, it 

was still useful to investigate the link between surface deformations, active-passive wedge and 

microseismic activity. 

Despite the analysis of the microseismic data, the understanding of the instability still required 

a holistic approach for the interpretation of the slope movement. However, the technique still 

provides a useful management tool for assessing rock mass damage, particularly when no 

other subsurface data are available. 

The comparison between the microseismic results from different server provider/research 

institutions helped identify some of the challenges of microseismic monitoring in open pit 

mines. Below are some of the summarised findings, which can also provide some guidelines for 

future installations and research: 

 

• More complex seismic velocity models are needed in when using the microseismic 

technique for monitoring slopes compared to underground mines. In particular, the 

project has challenged some of the most common assumption adopted, such as 

isotropy and homogeneity of the rock mass. It is recommended that many more than 

one calibration blasts should be undertaken, preferably in different spots around the 

seismic array. If part of the slope is accessible, seismic tomography using an active 

source (e.g. small charges) is recommended. This would help to build a more accurate 

3D velocity model to investigate possible effects related to anisotropy and/or 

heterogeneities in the rock mass; 

• Continuous recording of the seismic signal appears to be the most effective way to 

ensure most of the data are recorded. The use of triggered method without knowing 

the exact frequency of the seismic signal and the noise can lead to under-recording of 

the data; 

• If a triggered recording approach is adopted, continuous data should be recorded for a 

reasonable time period at the beginning of the installation, in order to set the 

optimum STA/LTA ratio. Moreover, the system should be set up to enable all sensors 

to be recorded rather than only those which exceed the specific threshold. In fact, 

some valid picking, which would help to constrain seismic location, may go missing; 
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• Particular attention should be given to the fact that adopting an extremely low 

STA/LTA means that most of the processing has to be done automatically, as the 

number of events recorded increase exponentially. However, as most of the 

commercial auto-picking methods still rely on a STA/LTA based algorithm, this can lead 

to erroneous picking and negatively affect location results; 

• In an open pit environment, the pit geometry can have a significant impact on seismic 

ray path and the effect cannot be ignored. If sufficient sensors have recorded the 

event, sensors in which the straight ray paths transect the pit should be excluded in 

the processing. The methodology proposed by Trifu and Shumila (2010) based on 

bending ray paths seems to be limited as it does not consider that seismic waves 

transecting the pit are subjected to P and S-wave conversion and creation of surface 

waves; 

• Due to the difficulty of installing an ideal 3D seismic array configuration, the sensor 

orientation should be accurately recorded and used to improve source location. In 

addition, all available sensors, which are not affected by pit geometry, should be used. 

Attention should be given to the presence of monitoring artefact brought by nearly 

planar seismic array in order to avoid erroneous interpretation of the data; 

• Instead of using two sensors every 100 m, it is strongly recommended to position a 

sensor every 50 m. This would improve the sensitivity or the array. In the case of 

shearing along the borehole case, more sensors for each station do not guarantee a 

backup; 

• Additional small hard drives are suggested for each seismic station to avoid gaps in the 

recording from temporary downturn in the wireless connection. 

• In order to gain a better understanding of the mechanisms attention should be given 

to the source parameters such as the classical Es/Ep ratio, but even more important to 

the moment tensor inversion. The present case study has demonstrated how 

beachball analysis can be used in combination with geotechnical and structural data to 

identify potential structures and mechanisms. 

 

 

7.2 Recommendations for further work 

Overall, the Century Mine project has been a success and it has helped to further understand 

the potential of microseismic monitoring to track slope behaviour at depth, when no other 

information is available. However, the research has also highlighted how fundamental it is to 
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spend time obtaining valuable results, which could be used for the interpretation. In order to 

partially limit some of the challenges that the author encountered during the project, it is 

firstly suggested that more efforts be invested in planning the optimum seismic array design 

and improving the seismic velocity model.  

Some suggestions have already been discussed in the previous section. Much more attention 

should be paid to the planning phase in order to schedule additional boreholes around the 

mining operations. Unfortunately for the project, the installation was delayed for more than 

six months, due to delays from the instrumentation provider. In the case of Century Mine for 

example, additional short drilling holes could have drilled through the buttress, allowing a 

better 3D configuration. These drillings could also be considered for cross-hole seismic testing 

to obtain more accurate seismic models. 

In spite of these limitations, it was possible to detect the difference in terms of rock response 

from a seismic to an aseismic zone. More work should be considered to better understand the 

temporal evolution between the two behaviours. The moment tensor analysis has been 

particularly useful for the analysis and interpretation. However, having data on a longer time 

frame could have helped to better understand the transition in the fracturing mechanisms. 

This could also be associated with AE laboratory tests to identify similarities between the 

mechanisms observed in the laboratory and at the slope scale. 

AE could also be used in combination with geophones to detect and analyse weak events. 

However, given the enormous amount of data that will be generated, there is a need to find 

more effective ways to filter the noise and improve the automatic picking algorithm. Several 

authors (Sarout et al. 2009; Horiuchi et al. 2011; Akram and Eaton 2016), based on the 

experience of the laboratory have suggested more advanced methodologies and it will be 

useful to apply those to microseismic monitoring in open pits. 

Finally, further work is necessary on the numerical modelling in order to reproduce the link 

between the seismicity and fracture propagations. Interesting work has been undertaken by 

several authors proposing the progressive damage of the rock (Eberhardt et al. 2004; Amitrano 

and Helmstetter 2006; Lacroix and Amitrano 2013; Riva et al. 2016). However, it will be useful 

to compare and calibrate these models with available microseismic data. 
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Appendix A – Laboratory test summary 

SAMPLE ID CBT-A2 β (°) - 

Lithology CBX Vp velocity (m/s) 6,528 

Diameter (mm) 20.4 UCS (MPa) 272.0 

Length (mm) 39.4 Eaverage (GPa) 97.7 

Length/width ratio 1.9 ѵ 0.33 

Weight (g) 36.14   

Density (g/cm3) 2.80   
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SAMPLE ID CBT-F1 β (°) - 

Lithology CBX Vp velocity (m/s) 6,614 

Diameter (mm) 20.4 UCS (MPa) 254.4 

Length (mm) 39.4 Eaverage (GPa) 85.1 

Length/width ratio 1.9 ѵ 0.29 

Weight (g) 35.48   

Density (g/cm3) 2.75   
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SAMPLE ID CBT-C4 β (°) - 

Lithology CBX Vp velocity (m/s) 6,612 

Diameter (mm) 20.4 UCS (MPa) 254.1 

Length (mm) 39.4 Eaverage (GPa) - 

Length/width ratio 1.9 ѵ - 

Weight (g) 36.04   

Density (g/cm3) 2.80   
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SAMPLE ID CBT-E4 β (°) - 

Lithology CBX Vp velocity (m/s) 6,659 

Diameter (mm) 20.4 UCS (MPa) 294.7 

Length (mm) 39.4 Eaverage (GPa) - 

Length/width ratio 1.9 ѵ - 

Weight (g) 36.03   

Density (g/cm3) 2.80   
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SAMPLE ID CBT-F4 β (°) - 

Lithology CBX Vp velocity (m/s) 6,660 

Diameter (mm) 20.4 UCS (MPa) 236.2 

Length (mm) 39.4 Eaverage (GPa) - 

Length/width ratio 1.9 ѵ - 

Weight (g) 35.88   

Density (g/cm3) 2.79   
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SAMPLE ID SH 0-01 β (°) 90 

Lithology Black carbonaceous shale Vp velocity (m/s) 3,779 

Diameter (mm) 18.5 UCS (MPa) 138.1 

Length (mm) 42.7 Eaverage (GPa) 24.8 

Length/width ratio 2.3 ѵ 0.21 

Weight (g) 29.68   

Density (g/cm3) 2.59   
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SAMPLE ID SH 0-02 β (°) 90 

Lithology Black carbonaceous shale Vp velocity (m/s) 3,693 

Diameter (mm) 18.5 UCS (MPa) 125.3 

Length (mm) 37.3 Eaverage (GPa) - 

Length/width ratio 2.0 ѵ - 

Weight (g) 26.07   

Density (g/cm3) 2.60   
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SAMPLE ID SH 0-03 β (°) 90 

Lithology Black carbonaceous shale Vp velocity (m/s) 3,769 

Diameter (mm) 18.5 UCS (MPa) 118.5 

Length (mm) 39.2 Eaverage (GPa) - 

Length/width ratio 2.1 ѵ - 

Weight (g) 27.16   

Density (g/cm3) 2.58   
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SAMPLE ID SH 30-01 β (°) 60 

Lithology Black carbonaceous shale Vp velocity (m/s) 3,891 

Diameter (mm) 18.5 UCS (MPa) 85.8 

Length (mm) 39.3 Eaverage (GPa) 25.5 

Length/width ratio 2.1 ѵ 0.20 

Weight (g) 27.29   

Density (g/cm3) 2.58   
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SAMPLE ID SH 30-02 β (°) 60 

Lithology Black carbonaceous shale Vp velocity (m/s) 3,824 

Diameter (mm) 18.5 UCS (MPa) 97.4 

Length (mm) 32.5 Eaverage (GPa) - 

Length/width ratio 1.8 ѵ - 

Weight (g) 22.58   

Density (g/cm3) 2.58   
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SAMPLE ID SH 30-03 β (°) 60 

Lithology Black carbonaceous shale Vp velocity (m/s) 3,918 

Diameter (mm) 18.5 UCS (MPa) 104.3 

Length (mm) 38.0 Eaverage (GPa) - 

Length/width ratio 2.1 ѵ - 

Weight (g) 26.45    

Density (g/cm3) 2.59   
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SAMPLE ID SH 60-01 β (°) 30 

Lithology Black carbonaceous shale Vp velocity (m/s) - 

Diameter (mm) 60.05 UCS (MPa) 17.0 

Length (mm) 128.9 Eaverage (GPa) - 

Length/width ratio 2.1 ѵ - 

Weight (g) 940.61   

Density (g/cm3) 2.58   
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SAMPLE ID SH 60-02 β (°) 30 

Lithology Black carbonaceous shale Vp velocity (m/s) 3,390 

Diameter (mm) 18.5 UCS (MPa) 16.3 

Length (mm) 39.1 Eaverage (GPa) 17.9 

Length/width ratio 2.1 ѵ 0.16 

Weight (g) 27.45   

Density (g/cm3) 2.61   
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SAMPLE ID SH 60-03 β (°) 30 

Lithology Black carbonaceous shale Vp velocity (m/s) 4,052 

Diameter (mm) 18.5 UCS (MPa) 23.6 

Length (mm) 39.3 Eaverage (GPa) - 

Length/width ratio 2.1 ѵ - 

Weight (g) 27.45   

Density (g/cm3) 2.60   
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SAMPLE ID SH 75-01 β (°) 15 

Lithology Black carbonaceous shale Vp velocity (m/s) - 

Diameter (mm) 60.05 UCS (MPa) 45.8 

Length (mm) 147.1 Eaverage (GPa) - 

Length/width ratio 2.4 ѵ - 

Weight (g) 1,071.81   

Density (g/cm3) 2.57   
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SAMPLE ID SH 75-02 β (°) 15 

Lithology Black carbonaceous shale Vp velocity (m/s) - 

Diameter (mm) 60.05 UCS (MPa) 33.4 

Length (mm) 150.0 Eaverage (GPa) - 

Length/width ratio 2.5 ѵ - 

Weight (g) 1,101.55   

Density (g/cm3) 2.59   
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SAMPLE ID SH 90-01 β (°) 0 

Lithology Black carbonaceous shale Vp velocity (m/s) 4,365 

Diameter (mm) 18.5 UCS (MPa) 124.9 

Length (mm) 41.9 Eaverage (GPa) 37.7 

Length/width ratio 2.3 ѵ 0.19 

Weight (g) 28.68   

Density (g/cm3) 2.55   
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SAMPLE ID SH 90-02 β (°) 0 

Lithology Black carbonaceous shale Vp velocity (m/s) 4,204 

Diameter (mm) 18.5 UCS (MPa) 156.6 

Length (mm) 39.1 Eaverage (GPa) - 

Length/width ratio 2.1 ѵ - 

Weight (g) 27.16   

Density (g/cm3) 2.58   
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SAMPLE ID SH 90-03 β (°) 0 

Lithology Black carbonaceous shale Vp velocity (m/s) 4,200 

Diameter (mm) 18.5 UCS (MPa) 147.5 

Length (mm) 39.1 Eaverage (GPa) - 

Length/width ratio 2.1 ѵ - 

Weight (g) 27.30 

Density (g/cm3) 2.60 
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Appendix B – Seismic array details 

Sensor specifics 
 

 Easting 

 (m) 

Northing 

(m) 

Elevation 

(m) 

Type Natural 

frequency 

(Hz) 

Lower 

frequency 

(Hz) 

Upper 

frequency 

(Hz) 

S1 46,306.416 27,498.474 947.422 Triaxial 28 28 2,000 

S2 46,385.513 27,517.527 887.594 Uniaxial 14 14 2,000 

S3 46,467.630 27,534.751 833.279 Triaxial 14 14 2,000 

S4 46,171.863 27,461.756 1,076.009 Uniaxial 4.5 4.5 2,000 

S5 46,106.883 27,628.442 1,035.363 Triaxial 28 28 2,000 

S6 46,168.422 27,625.934 956.649 Uniaxial 14 14 2,000 

S7 46,238.487 27,623.299 885.696 Triaxial 28 28 2,000 

S8 46,317.696 27,620.201 829.860 Triaxial 14 14 2,000 

S9 46,171.332 27,739.275 978.532 Triaxial 28 28 2,000 

S10 46,102.623 27,749.998 1,050.384 Uniaxial 14 14 2,000 

S11 46,320.908 27,708.974 834.355 Triaxial 14 14 2,000 

S12 46,241.712 27,726.206 908.712 Uniaxial 14 14 2,000 

S13 46,296.029 27,843.852 964.542 Triaxial 28 28 2,000 

S14 46,367.038 27,821.412 897.808 Uniaxial 14 14 2,000 

S15 46,428.390 27,803.047 841.924 Triaxial 14 14 2,000 

S16 46,170.455 27,892.943 1,097.162 Uniaxial 4.5 4.5 2,000 
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Sensor orientations 
 

 
Channel …N …E …U 

Sensor’s 

Z+direction 

Handedness of sensor's 

internal coordinate system 

S1 

1 0.884 -0.407 -0.232 
Away from 

cable 

 

LHS (left handed system) 2 0.428 0.5 0.753 

3 0.191 0.765 -0.616 

S2 1 0.198 0.795 -0.574 Away from 
cable 

- 

S3 

 

1 0.186 -0.578 -0.795 

Away from 
cable 

LHS (left handed system) 2 0.961 -0.06 0.269 

3 0.203 0.814 -0.545 

S4 1 0.156 0.624 -0.766 Away from 
cable 

- 

S5 

 

1 -0.976 -0.187 -0.111 

Away from 
cable 

LHS (left handed system) 2 0.217 -0.787 -0.576 

3 -0.021 0.587 -0.809 

S6 1 -0.023 0.656 -0.755 Away from 
cable 

- 

S7 

1 0.838 0.355 0.416 

Away from 
cable 

LHS (left handed system) 2 -0.546 0.503 0.669 

3 -0.028 0.788 -0.616 

S8 1 -0.029 0.838 -0.545 Away from 
cable 

- 

S9 
1 0.94 0.31 0.141 

Away from 
cable 

LHS (left handed system) 
2 -0.317 0.648 0.693 
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3 -0.123 0.696 -0.707 

S10 1 -0.118 0.672 -0.731 Away from 
cable 

- 

S11 

1 0.974 -0.033 -0.224 

Away from 
cable 

LHS (left handed system) 2 0.185 0.681 0.709 

3 -0.129 0.732 -0.669 

S12 1 -0.127 0.72 -0.682 Away from 
cable 

- 

S13 

1 0.453 -0.529 -0.719 

Away from 
cable 

LHS (left handed system) 2 0.859 0.477 0.19 

3 -0.242 0.703 -0.669 

S14 1 -0.246 0.714 -0.656 Away from 
cable 

- 

S15 

1 -0.924 0.032 0.382 

Away from 
cable 

LHS (left handed system) 2 -0.295 -0.7 -0.652 

3 -0.246 0.714 -0.656 

S16 1 -0.209 0.608 -0.766 Away from 
cable 

- 
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MMG Limited’s (MMG) Century Mine is located near Lawn Hill in North Queensland, 
approximately 250 km northwest of Mount Isa, close to the Northern Territory border. 
Since 2009, the SW wall of the pit has been affected by several multi-batter failures, 
associated with continuous bedding planes. Geotechnical investigations conducted by 
MMG, supported by numerical modelling, have interpreted those instabilities as potential 
development of deep-seated failure. Consequently, in early 2013, the final slope design was 
changed and a buttress was incorporated to prevent further progression of the instability 
into the lower section of the wall. In late 2013, an IMS microseismic system was deployed 
behind the pit wall. The goal of the microseismic installation was to better understand the 
development of instability and, in particular, the shearing/fracturing and stress changes that 
occur at depth. This paper describes the microseismic system implemented and presents 
some of the results that have been obtained from the data recorded to date. The current 
analysis is focused on the data between February and April 2014, when the SW wall 
experienced a rapid acceleration of surface deformation. Further investigations are still in 
progress in order to confirm some of the assumptions and interpretations made. 

Keywords: microseismic monitoring, slope failure mechanism, weathering in shale. 

Introduction 

The evaluation and prediction of the mechanism, potential volume, and timing of any instability or collapse often 
constitute major challenges at each stage of planning and operation of an open pit mine. Generally, the assessment of 
any possible instability requires a complete understanding of the geology, structural geology, material properties, and 
hydrogeology of the area. It is also important to consider historical behaviour and response throughout mining 
sequence. Following the analysis of this data and ascribing a failure mechanism, slope performance during and after the 
excavation is normally evaluated by surface displacement monitoring (survey, ground-based radar, InSAR) and 
subsurface displacement monitoring (inclinometers, extensometers) (Hawley et al., 2009). Nevertheless, all this 
information from current techniques may not be sufficient to achieve a full comprehension of the rock mass behaviour 
and fracturing processes behind the surface (Lynch et al., 2005).  

Several studies have been carried out in the last decade to obtain a better understanding of slope behaviour by 
implementing routine microseismic monitoring in open pit mining (Hudyma et al., 2003; Stacey et al., 2004; Lynch et 
al., 2005; Lynch and Malovichko, 2006; Wesseloo and Sweby, 2008; Kagan et al., 2013). This technique has been 
commonly used in underground mining operations with the aim of understanding and managing the rockburst hazard 
(Gibowicz and Keiko, 1994; Mendecki, 1997). However, its application in an open pit environment to determine 
fracturing processes and extents behind unstable slopes is still experimental. The Century project is a unique case study, 
given the density of sensors employed and the combination with other monitoring data available (prism, radar, rainfall). 
This paper describes the characteristic of the seismic array deployed and some of the preliminary investigations to date. 

Overview

Geotechnical settings 

The SW wall of Century Mine is a 300 m high slope with an overall angle of 40°. The pit wall is developed within the 
footwall sequence and is characterized by three main geotechnical units: lower footwall (LFW), upper footwall (UFW), 
and carbonate breccia (CBX) (Figure 1a). The LFW is dominated by black carbonaceous shales, a tight and fair rock 
mass with distinctive bedding but indistinct other structures. In comparison, the UFW comprises black laminated shales, 
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a more competent rock mass with distinctive laminated bedding (Hendersonhall et al., 2010). Both shale types exhibit 
highly anisotropic behaviour, are low-strength rocks (approx. 30 MPa), and are affected by continuous fracturing and 
occasional bedding shears (Kurukuk and Sweeney, 2012).  

Bedding is on average oriented 45°/090°. However, during exaction it was found that dip and dip direction were 
rotated by as much as 20° around major geological structures, with the consequent daylighting of bedding planes from 
the slope (Figure 1b). Drilling programmes showed also the presence of three main pervasive joint sets, oriented 
51°/187° (Joint 1), 51°/277° (Joint 2) and 67°/351° (Joint 3). Pandora’s Fault, a deposit-scale major structure, represents 
the boundary between the LFW and UFW domains. Moreover, a massive block of intrusive carbonate breccia (CBX) 
outcrops along this fault. The presence of discordant veins of breccia along pre-existing fractures/faults, with widths 
varying from 0.1 to 34 m, is not unusual at Century (Waltho and Andrews, 1993). 

Figure  – (a) Main geological/structural features of the SW wall, and (b) variation of bedding planes  

Pandora’s Fault represents one of the dominant geological structures in the SW corner. It is a gently to moderately 
north-dipping EW-striking normal fault, which displaces the orebody into two major blocks. It has been interpreted as a 
scissor fault, with displacement varying along the strike from zero at the eastern margin of the deposit to over 300 m at 
the western margin (Broadbent et al., 2002). However, in the SW corner, Pandora’s Fault displays a sharp change in 
orientation from a strike of EW to NW.  The area is also characterized by the presence of a set of EW north-dipping 
subvertical structures. One of these structures, known as Page Creek Fault, has contributed to the local rotation of 
bedding and joint sets, resulting in the formation of a highly sheared and fractured block (Kurukuk and Sweeney, 2012). 

SW wall rock instability 

When mining in the SW corner commenced, the area of the pit wall was affected by unravelling on bedding planes. 
Safe and effective mining operations below the SW wall have been managed primarily by surface displacement 
monitoring (ground-based radar and geodetic prisms). The historical data-set shows that movements on the pit wall tend 
to rapidly accelerate during rainfall, which typically occurs between November and March. Rates of displacement 
following rainfall can exceed 20 mm/d, with cumulative displacements of several metres (Figure 2). During the dry 
season, movements maintain steady displacements of approximately 1 mm/d. The majority of these deformations are 
concentrated in the top part of the pit wall and in the CBX block, with development of extensional tension cracks 
behind the crest. 
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Figure  – (a) Cumulative total displacements recorded in different areas by prism monitoring system and daily rainfall between October 2010 
and October 2013, and  (b) 3D view of the pit wall displaying vectors of movement coloured by the total displacement  observed during the same 

time window  

 
Previous investigations have highlighted the complex structural geology (Kurukuk and Sweeney, 2012) and highly 

anisotropic strength and deformation behaviour of the rock mass (Sainsbury et al., 2013). As a result of those studies, a 
deep-seated failure mechanism was interpreted, related to shearing along bedding planes and stress release along faults 
and joints. In order to prevent further development of the failure in the lower section of the wall while mining, a 
buttress (approx. 28°) was left in situ in the UFW domain at the base of the slope. Furthermore, movements of the LFW 
domain in the upper part of the slope have been reduced by the presence of the CBX block located directly above the 
designed buttress slope, acting as a natural buttress while slowly being pushed out in a toppling or rotation (i.e. 
active/passive wedge) manner (Figure 3).   

Despite the buttress design, numerical modelling was still showing the possibility for the development of a deep-
seated failure throughout the lower section of the wall. Therefore, in order to better understand the subsurface behaviour 
both during and post mining, a microseismic system was proposed and subsequently implemented.  

Microseismic monitoring system

Seismic array and data acquisition 

The microseismic array includes 16 sensors located in the volume of rock behind the SW wall (Figure 4). A 
combination of five 28 Hz triaxial, six 14 Hz uniaxial, and three 14 Hz triaxial geophones were placed into four long 
inclined (approx. 400 m) boreholes. Sensors were installed approximately every 100 m in each hole, with two sensors at 
each depth for the purpose of redundancy. Since 4.5 Hz uniaxial geophones could not be installed in a hole with more 
than 2° deviation from the vertical, two short vertical boreholes (approx. 10 m) were drilled near the surface. As shown 
in Figure 4, the microseismic array tends to follow the slope curvature, as pit geometry and accessibility represent major 
constraints for installing the sensors. 

Geophones were preferred to accelerometers, as studies show them to be more sensitive and reliable in the lower 
frequency range recorded from slope seismic events (10–400 Hz) (Lynch et al., 2005). 

 

 

Figure 4 – Microseismic array configuration; (a) plan view and (b) section view  
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Each sensor is connected to one of the four data acquisition units, which are powered by solar panels. Each seismic 
station is connected to a private seismic LAN by utilizing Ubiquity M5 Bullet radios. The data is continuously 
transmitted to a central computer via digital radio for processing and storage. Seismic signals are sampled at a rate of 
6000 Hz with a 24-bit analog-to-digital (A/D) converter, and time is synchronized across the network via GPS timing 
signals.  

At Century, IMS employed a standard trigger algorithm, based on short-time averages (STAs) and long-time averages 
(LTAs) of the incoming signal. The lengths of STA and LTA were set at 2.6 seconds and 21.3 seconds, respectively. 
When the STA/LTA ratio was greater than 12 for at least four stations, the system was triggered and the event recorded.  
Once the system triggered, it recorded a seismogram containing a certain number of samples prior to trigger time 
(approx. 1250 samples), then the ‘triggered’ portion of the seismogram until it ‘detriggers’. The system was detriggered 
once the STA/LTA fell below 2 and added a certain number of samples (approx. 750) to the seismogram after 
detriggering.  The LTA window updates (semi-)continuously, although it uses a median filter. After every 250 samples, 
it calculates a new LTA, being a median of the last three LTAs. This had the effect that individual triggers (events) did 
not have any significant effect on the triggering (and detriggering), keeping the LTA more truly representative. 

System calibration, velocity model, and limitations 

A blast calibration test was conducted by MMG in order to establish a P-wave and S-wave velocity model. A total of 
nine blasts were fired at known locations and at known times, enabling the velocities from the blast location to each of 
the seismic sensors to be calculated. Only three shots were used to estimate the velocities (Figure 5). The data indicated 
a VP of 3674 m/s and Vs of 2046 m/s, which were used to create a velocity model. Back-calculation of the blast locations 
using this model indicated an average error of 15 m. However, certain limitations could be highlighted in this approach. 

 

 

Figure 5 – Results of calibration shots  

 
Firstly, this calibration method did not take into account any possible velocity variations associated with 

heterogeneities in the rock mass. In the case of Century, the surface layers in the SW corner have been affected by 
intense fracturing related to weathering of the shales. Different authors (Taylor and Smith, 1986; Walkinshaw and 
Santi, 1996; Alonso and Pineda, 2006) have outlined how shales are subjected to disintegration and strength reduction 
caused by unloading and the wetting/drying cycle. Swelling of clay minerals can rapidly deteriorate rock properties, 
generating severe damage to the rock mass near the surface. This kind of process can also be observed in the shales at 
Century. After a few months, core samples that were left in an exposed environment appeared totally disintegrated. This 
could be explained by the abundance of montmorillonite in the shale, which facilitates the absorption of water and 
subsequent expansion of the clay minerals. 

Another important aspect that was not considered in the calibration is the influence of seismic anisotropy. Several 
studies (Wang, 2001; Cholach and Schmitt, 2003; Sayers, 2005) highlighted how at the laboratory scale it is possible to 
observe a variation of the seismic velocities in the shales, due to preferred orientation of clay minerals. Tests conducted 
on rock samples from Century have shown that wave velocity normal to bedding is around 3843 m/s, while parallel to 
the bedding it is approximately 4200 m/s. It is important to stress that those velocities reflect laboratory-scale tests and 
they should not be simply translated into the field scale. However, the range in velocities was reasonably similar, and 
hence it could be assumed that the same behaviour would affect the rock mass at the slope scale. 
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In order to at least take into account velocity variations from fracturing in the surface layers, a ballistic calibration 
was attempted. The idea was that high-powered rifle shots could impact on the pit wall and give the necessary coverage 
to construct the seismic tomography. The distribution of the rifle shots was planned so that the distance from the impact 
area to the sensors was minimal but still provided good coverage of the area. Unfortunately, the high level of noise and 
the poor energy generated by the impact (likely due to the highly deteriorated shales at surface absorbing the impact of 
the bullet) resulted in no recognized events being recorded to the geophones. Therefore, currently, a homogenous and 
isotropic velocity model has been implemented. 

Sensor orientations and implementation of ‘location with direction’ algorithm. 

The traditional method of locating seismic events assumes a homogeneous velocity model and utilizes the arrival times 
of the P- and S-waves.  This approach works well in many situations. However, in bedded systems it can be too 
simplistic and have shortcomings in certain situations.  One scenario in which this location method can lack accuracy is 
if the event is recorded by few sites and, more specifically, if the sites used to locate the event are orientated in a highly 
planar geometrical configuration.  Assuming that at least one triaxial sensor with reliable orientation records the event, 
it is possible to utilize the fact that the particle motion in the P-wave is orientated along the line between source and 
sensor.   

The location method known as 'location with direction' includes the measured direction of the P-wave into the 
location minimization problem. Measurement of the direction of ground motion at the P-wave arrival will indicate the 
direction of the source relative to sensor location.  The addition of these parameters to the minimization function further 
constrains the location. This is particularly useful for arrays with poor geometrical configuration, such as four sites with 
a roughly planar location.  Location based only on arrival times will lead to two possible locations: one on either side of 
the plane.  A seismic site will have the same distance to each possible location, making the two locations equally likely 
in terms of travel times.  However, the misfit between expected and observed P-wave polarity will differ greatly 
between the two locations, allowing the minimization function to choose the correct location. 

Microseismic data analysis 

Data recorded and sensitivity investigations 

From November 2013 to January 2015, more than 1800 seismic events were located in the SW corner of Century, 
ranging from a local magnitude of -4.5 to -1. Of those, approximately 20% were related to pit noise (mining activity, 
blasting) and were concentrated below the current pit level. The current analysis is focused on the seismic activity 
recorded between February and April 2014, when approximately 1300 events were observed (Figure 6). Before that, 
seismic activity was insignificant and was mostly concentrated below 880 RL, which was the bottom of the pit at that 
time. During this period, the SW wall also experienced a rapid acceleration of surface deformations with accumulative 
displacements up to several metres. Both seismicity and surface displacements were triggered by rainfall, with more 
than 300 mm of rainfall over this period, including a maximum single-day event of 75 mm. As at the time no 
piezometers were installed in the area, no information about the variation in the water table is available.  

 

 

Figure 6 – Seismic events recorded between February and April 2014 

 



Slope Stability 2015 

 6 

Firstly, a sensitivity analysis was performed on the data-set in order to establish in which range of local magnitude the 
seismic system can effectively record seismic events. As defined by Wesseloo (2011), the sensitivity of a seismic 
system is the minimum magnitude (mmin) that can be reliably recorded by the system. In other words, this is the 
magnitude above which all events are recorded and, therefore, the seismic array is sufficiently sensitive.  

The most common way to assess the sensitivity is to directly evaluate the mmin from the frequency magnitude 
distribution of a seismic database. Gutenberg and Richter (1944) have found the following empirical relation between 
these parameters : 

log(N )= a bM  [1] 

where 
 = number of seismic event of at least magnitude  
 = magnitude 

 = constants 
 

 

Figure 7 – Frequency-magnitude charts for seismic events between February and April 2014 

 
By plotting frequency and magnitude in a log-linear space, the magnitude where the seismic data ceases to follow a 

log-linear relationship can be identified (Figure 7a). This value, known as mmin, is usually considered to be the 
magnitude of completeness of the data-set (mmin). In other words, it indicates the minimum magnitude above which all 
the events can be actually recorded. In the case of Century database, the system was able to fully record the seismicity 
up to -3.8 ML. The aim of this type of analysis was to determine the limitations in the capacity of the system to 
accurately record the seismicity in the volume of rock monitored. This was important, as we wanted to understand if 
any gaps were affecting the database. 

Cluster analysis 

Spatial clustering is a widely reported trait of seismic events in mines (Vasak et al., 2004; Le niak and Isakow, 2009; 
Sweby et al., 2006). This approach attempts to separate large data-sets of data into groups in order to recognize similar 
seismic sources (Hudyma et al., 2003). Moreover, since it is problematic to investigate the source mechanism for each 
single event, it is much easier to consider groups of events. 

A simple approach was applied to the database: the data was first imported into the mXrap data analysis and 
monitoring platform (http://mxrap.com) and an algorithm was implemented to calculate the distance to the closest four 
events for each seismic event. Thereafter, the events were plotted on the pit geometry and coloured by the distance to 
the fourth closest point. In Figure 8, it can be observed how three main regions, characterized by seismic events within 
10–15 m of each other, can be recognized. Two high-density clusters were located along Page Creek Fault, while a third 
was identified behind in the CBX block area. 
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Figure 8 – Seismic events coloured by the distance, with the furthest 4th point and identification of the three main clusters 

Page Creek Fault clusters

Two main clusters were observed along Page Creek Fault. Increased seismicity in the area started to be recorded on 15 
February, triggered by high rainfall and associated with a sharp increase of surface deformation. For these clusters, an 
investigation was carried out to analyse the ratio between the energy released by P- and S-waves. Several research 
studies have outlined how this ratio can be a good indicator of the source mechanisms (Wesseloo and Sweby, 2008). 
Boatwright and Fletcher (1984) demonstrated that in fault-slip type events, the energy associated with S-waves is much 
higher than that related to P-waves.  Similar results have been confirmed by Cichowicz et al. (1990), indicating than a 
shear event is usually associated with an Es/Ep ratio greater than 10. For tensile events, Urbancic et al. (1992) suggested 
instead a ratio between 1 and 3. Looking at the distribution of the events associated with those clusters, only 10% of 
them have an Es/Ep ratio exceeding 10. About 50% of the events instead show an Es/Ep ratio below 3, suggesting that 
cracking and popping of the rock mass were more predominant than shearing. In this case study, events with ratios 
between 3 and 10 were not considered, as he data is too ambiguous to suggest a ‘shearing’ or ‘tensile’ mechanism with 
any confidence. 

CBX block clusters

A group of well-clustered events could also be observed at the base of the CBX block. Also, for this volume of rock, 
increased seismicity began to be observed immediately after heavy rainfall. The seismicity in this cluster was associated 
with movements in the breccia that had been pushed and rotated outwards and upwards as per 3D prism vector 
measurements. Cracking and popping of the rock mass were distinctly audible from the bottom of the pit. In this case, a 
greater percentage of events (20%) were related to shearing, with an Es/Ep ratio greater than 10. On the other hand, the 
percentage of events with a ratio below 3 for this cluster was lower, at 35%.  

The spatial distribution of events showed an alignment dipping back into the slope with a strike approximately NNW 
(Figure 9). Feltrin and Oliver (2014) recognized an association between regional faults having strike NNW and dipping 
SSW and the breccia infills, compatible with the orientation of the CBX cluster. If this is the case, it may indicate that 
the breccia extends deeper along a fault dipping back into the slope. Unfortunately, there was not enough drilling data 
to confidently interpret the CBX shape and how deeply it penetrates the shales. The presence of the CBX may be 
interpreted as a result of a large fault jog related to Pandora’s Fault. If this were the case, the local variation from a 
strike of EW to NW could be due to the intersection with the interpreted structure dipping back into the wall. 

A different interpretation, based on the change in the bedding orientations, has been proposed by the MMG 
geotechnical team, suggesting the presence of a synclinal fold. However, a fold and a fault are not mutually exclusive, 
and the distribution of events may be due to a combination of faulting and/or folding. 
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Figure 9 – Seismic events behind the CBX block, coloured and sized by local magnitude and Es/Ep ratio 

Other areas 

It is important to mention than about 60 events were also recorded at the back of the slope (Figure 10). However, they 
appear to be randomly distributed and not well clustered. This data did not correlate with numerical model prediction of 
shearing in this area. In particular, most of the seismicity shows an Es/Ep ratio below 10, with only 10% of the events 
related to shearing, while 45% had ratios below 3. An alternative explanation could be the presence of clay infill. This 
would render the shearing structure ‘aseismic’. Therefore, there may be a data bias in those quiet shearing-style events, 
resulting in under-representation in the database. 

Investigations of the available drilling data could not support the presence of such a thick clay infill. Moreover, from 
photogrammetric analysis of the pit slope exposures, the bedding planes did not appear as simple smooth planar 
surfaces. The consequence is that the rock mass must break up during any instability. Some dilation has been observed 
at the crest, but the only two prisms available in the middle portion of the wall show a constant dip during all the 
movements.   

 

 

Figure 10 – Seismic events at the back of the slope coloured and sized by local magnitude and Es/Ep ratio 

Discussion 

Microseismic data showed that no fracturing has occurred in the lower part of the wall and the buttress remains intact. 
This correlates with surface displacement data (prisms, radar), which shows no significant movement, and supports the 
action taken by the mine to leave a buttress. The data also confirmed the appropriate design of the buttress implemented 
by the MMG Century geotechnical team, in contrast with what was predicted by the initial numerical model. 
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However, the results of the microseismic study raise several questions. The first issue is related to the seismic events 
recorded along Page Creek Fault. In order to allow the upper portion of the wall to slide along the bedding, stress 
release and shearing must occur along the Page Creek and Pandora’s faults. From the microseismic study, the majority 
of the events recorded along Page Creek show an Es/Ep ratio below 3, suggesting crushing or tensile splitting rather than 
shearing. The second issue is that the volume of rock behind the wall showed little shearing. In fact, intense seismic 
activity with shearing at depth would be expected, rather than few unclustered events with a low Es/Ep ratio. 

In order to answer to these questions, it is important to highlight some particular aspects that were not considered in 
the previous investigations. First of all, previous work and numerical modelling were conducted without measuring the 
virgin stress. It was assumed that the horizontal stress was twice the vertical stress. As part of this project, stress 
measurements were obtained and are reported in Figure 11. These measurements were obtained through a series of tests 
on oriented core of CBX, drilled at a depth of around 220 m. They were conducted using the rock memory technique, 
also known as deformation rate analysis (DRA)(Yamamoto et al., 1990). 

These measurements are compatible with those from several other mines in the Mount Isa region (e.g. Mt Isa, Dugald 
River, and Ernest Henry). In this kind of stress regime, the rock mass would be clamped and compressed. Failure along 
the faults would lead to crushing or unravelling. 

As shown, water plays an important role in the occurrence of instabilities and the microseismicity. In fact, during the 
rainfall events, the water pressure would increase along the main geological structures, causing decrease of effective 
stress and unravelling of the rock mass. However, a 3D numerical model is necessary to fully demonstrate those 
preliminary conclusions. 

 

 

Figure 11 – Orientation and magnitude of virgin stress (approx. 200 m below surface) 

 
Stacey (1981, 2004) showed how extension strain fracturing under compression condition has been a reality often 

ignored in open pit mines. Acoustic emission laboratory testing has shown how in the first phase of loading and 
fracturing, random extensile microfractures tend to propagate until they coalesce on a shear plane. The seismicity at the 
back of the slope could then be related to initiation of cracking with breaking of the rock bridges. 

Important information can be interpreted from the seismic data recorded at the back of the CBX. It is unequivocal that 
the rock mass has been experiencing a huge amount of stress, followed by cracking and shearing. It is common to 
assume that the surface displacement links to deeper movement as a result of kinematics. However, as the 
microseismicity did not show any evidence of a deep surface and related rock volume pushing out the CBX block, an 
alternative explanation can be proposed. As outlined previously, shales tend to deteriorate rapidly when exposed to 
wetting and drying cycles and to break up. Therefore, surface deformations recorded may often be related to a shallow 
failure, involving damaged shales. This would explain why no clustering of seismic events has been recorded at depth 
in the slope. Moreover, a heavily broken rock mass would not easily allow the transmission of surface waves to the 
sensors. Any signal sourced from this surface region would likely contain a high level of noise, resulting in a high 
potential for source location error. Another important aspect highlighted from the microseismicity is the possible 
presence of a geological structure dipping back into the wall (Figure 12). 

This evidence supports the likelihood that the SW wall is affected by an active/passive wedge mechanism related to a 
shallow-seated failure involving the weathered shales. While both the seismicity and surface deformations occurred at 
the same time, this does not necessarily mean that they were part of the same mechanism –only that the trigger was the 
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same. The water pressure, in fact, played a key role, allowing stress release along the faults but also reducing the shear 
strength in the damaged near-surface rock mass. 

 

 

 

Figure 12 – Section of the SW wall with the interpretation of seismic events and the kinematic model 

Conclusion 

A microseismic monitoring system can provide useful information about kinematic instability in open pit mines. This 
research study concludes that the microseismic data recorded has shown that only a few fracturing and deformation 
events at Century have occurred at depth in the slope or in the intact rock buttress, which was designed to prevent 
development of a potential deep-seated failure mechanism. Therefore, the data confirmed the appropriate design of the 
buttress implemented by the MMG Century geotechnical team, in contrast with that predicted by the initial numerical 
model. 

Analysis of the microseismic and surface displacement data suggests that two separate mechanisms may be occurring 
in the SW slope. The first one is at surface, with shallow failure occurring. This is associated with the significant 
weathering and deterioration of the LFW shale rock mass. Sliding of this damaged shale material along natural bedding 
planes has resulted in the formation of an active/passive wedge involving the CBX block, which acts as a natural 
buttress against the sliding shale movements behind it. 
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A second mechanism is occurring at depth, resulting in tensile failure and breaking of the rock bridges. It is unclear if 
this would have developed into a deep-seated failure mechanism if the buttress had not been left in place. However, it is 
clear that there is no mechanism developing with the current intact rock buttress design. In both cases, water has played 
an important role, contributing to further degradation of the rock mass and decreasing the effective stress along pre-
existing fractures. 

These preliminary results show that a disconnection may exist between surface and deep deformations. The buttress, 
and probably the fault dipping back, has constrained the deformation to the upper part of the wall, preventing the 
propagation of the failure. 

However, different assumptions can lead to different interpretations, and further investigations are in progress. In 
particular, moment tensor solutions could help to identify the orientation and mechanism of the structure along which 
the seismic activity is concentrated. Moreover, a project has been set up in collaboration with Dr Xun Luo from CSIRO 
in order to evaluate the use of how continuous data instead of triggered data can affect source location. 

It is important to state that the views expressed here are preliminary and are not necessarily in agreement with 
MMG’s interpretation. 
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Abstract 
In recent years, an  innovative approach has been proposed  in using two ground‐based synthetic aperture 
radars to simultaneously monitor slope stability (Severin et al. 2011; 2014). The technique allows to obtain a 
detailed pseudo 3D displacements map covering large pit slopes. In October 2014, a similar experiment was 
conducted at MMG’s Century Mine (Queensland), using two real aperture radars. The outcomes of the test 
have  shown  that  even  if  reasonable  results  can  be  achieved, more  precise  information  can  be  obtained 
through  the  integration with prism data. The  technique has produced a much clearer  image of  the  slope 
deformation,  identifying a complex break‐up of the slope surface due to the weathering process affecting 
the shale rock mass. 

1 Introduction  
One  of  the  greatest  challenges  in  open  pit mines  is  to  recognise  potential  for  instabilities  in  order  to 
guarantee safety of personnel and to maximise ore extraction. For most of the mining companies, this  is 
carried  out  by  personnel  through  the  monitoring  of  surface  displacements  using  visual  observations, 
geodetic  prisms,  radar,  and  deep  deformations  using  inclinometers  and  extensometers  (Hawley  et  al. 
2009). Traditionally, surface movements have been monitored using prism data. This offers the advantage 
of  having  a  wide  coverage  of  the mine  and  provides  accurate  information  about  the magnitude  and 
direction of the movements. However, the technique is limited by the fact that prism data are single point 
measurements which may be widely spaced (more than 20 m). Moreover, targets can be damaged or  lost 
and there may be difficulty having access to the surface and replacing them (Little 2006). For these reasons, 
more often radar monitoring is becoming increasingly popular in the industry. Radar monitoring allows one 
to obtain a full coverage of critical areas, in nearly real‐time acquisition and high precision.  

The  technology  of  the  radar  is  based  on  the  detection  of  distance  and  direction  by  transmitting  and 
receiving  electromagnetic waves.  The distance  is  simply  evaluated using  the difference  in  time  (time of 
flight) between  the  transmission and  the  reception of  the  signal pulse. On  the other hand,  the direction 
estimation depends on the technology used. A first class of radars (real aperture radar) consists of a large 
high gain antenna,  rotating  to  scan all directions. Another  type of  radar  is  the  synthetic aperture  radar, 
using a low gain antenna moving along a guide to simulate a large antenna (Pieraccini 2013). 

A significant  limitation though,  independently of the radar used,  is that this  instrument can only measure 
the  variation  of  the  distance  towards  it  line‐of‐sight  (LOS).  This  implies  that  the  full  3D  direction  of 
movements  cannot  be  obtained  and,  in  the  case  of  complex multi  direction  instabilities, may  lead  to 
partially underestimating the displacements.  In order to overcome these  limitations, Severin et al. (2014) 
have  proposed  an  advanced  monitoring  technique,  using  two  ground‐based  synthetic  aperture  radar 
systems simultaneously. This approach allows the creation of a detailed map of magnitude and direction of 
displacements  for  a  large open pit  rock  slope.  In October 2014,  a  similar  experiment was  conducted  at 
MMG Century Mine.  

MMG  Limited’s  (MMG)  Century  Mine  is  located  near  Lawn  Hill  in  North  Queensland,  Australia, 
approximately 250 km northwest of Mount  Isa, close  to  the Northern Territory border. As mining  in  the 



Improvement of pseudo-3D pit displacement mapping technique through geodetic  M Salvoni et al. 
prism data integration 

 

186 FMGM 2015, Sydney, Australia  

southwest (SW) corner commenced, the area of the pit wall has been affected by continuous unravelling on 
bedding  planes. As  a  precaution,  a  buttress  has  been  left  at  the  base  of  the  slope  in  order  to  prevent 
additional development of the instability while mining. As Century progresses to the end of the mine plan, 
mining operations  in the area has been completed, with a slope height of 300 m and overall angle of 40°. 
Surface  deformations  were  monitored  by  geodetic  prisms  and  one  real  aperture  radar.  Due  to  the 
deformation occurring on the wall, local areas of the prism network have been destroyed and surface data 
of  these  areas  are  available only  from  the  radar.  The  aim of  the  research was  to obtain more detailed 
information about the direction of movements for those areas of the pit wall. 

2 SW wall rock slope instability 

2.1 Geotechnical setting 

The SW wall  is developed within  the  footwall  sequence and  is characterised by  three main geotechnical 
units: lower footwall (LFW), upper footwall (UFW) and carbonate breccia domain (CBX) (Figure 1). The LFW 
is dominated by black carbonaceous shales, a tight and fair rock mass with distinctive bedding but indistinct 
other structures. In comparison, the UFW comprises black laminated shales, a more competent rock mass 
with distinctive  laminated bedding (Hendersonhall et al. 2010). Both shale types exhibit highly anisotropic 
behaviour,  are  low  strength  rocks  (~30 MPa),  and  are  affected by  continuous  fracturing  and occasional 
bedding shears (Kurukuk & Sweeney 2012). Pandora’s fault, a deposit scale major structure, represents the 
boundary between these two domains. Moreover, along this  fault a massive block of  intrusive carbonate 
breccia (CBX) outcrops. The presence of discordant veins of breccia along pre‐existing fractures/faults is not 
unusual at Century, with widths varying from 0.1 to 34 metres (Waltho & Andrews 1993).  

 

Figure 1 Overview of SW wall (modified from MMG geotechnical team) 

Pandora’s  fault  represents one of  the dominant geological  structures  in  the  SW  corner.  It  is a gently  to 
moderately  north dipping,  east–west  (EW)  striking normal  fault, which displaces  the ore body  into  two 
major blocks. It has been interpreted as a scissor fault, with displacement varying along the strike from zero 
at  the  eastern margin  of  the  deposit  to  over  300 m  at  the  western margin  (Broadbent  et  al.  2002). 
However,  in the SW corner, Pandora’s Fault displays a sharp change  in orientation from a strike of EW to 
north–west (NW). The area is also characterised by the presence of a set of EW striking north dipping sub‐
vertical  structures.  One  of  those  structures,  known  as  Page  Creek  Fault,  has  contributed  to  the  local 
rotation  of  bedding  and  joint  sets,  resulting  in  the  formation  of  a  highly  sheared  and  fractured  block 
(Kurukuk & Sweeney 2012). 
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2.2 Current prisms and radar monitoring 

Surface monitoring is performed throughout 80 geodetic prisms and one ground‐based real aperture radar 
(Figure 2). Looking at the areas where the majority of displacements are concentrated, the prisms network 
is particularly well  spaced around  the  crest of  the pit and  the CBX block, while part of  the  slope  is not 
covered and data are only available from the radar unit. 

Historically, the pit wall  is particularly active during the wet season, between November and March, with 
the total amount of displacement reaching up to several metres. During the dry season, the residual rates 
of movement are around 1 mm per day. The largest deformations are concentrated in the top part of the 
pit wall  and  in  the  CBX  block, while  the  buttress  has  not  shown  any  significant movements  outside  of 
localised  small  scale  instabilities.  Geotechnical  investigations  have  outlined  that  those movements  are 
related to wedge/sliding mechanisms along bedding planes, associated with stress release along faults and 
joint sets (Kurukuk & Sweeney 2012). Parts of the instability have been reduced by the presence of the CBX 
block, acting as a natural buttress and slowly being pushed out in a toppling manner. 

A clear  image of the surface deformations has been obtained by combining  information  from both prism 
and  radar monitoring.  In Figure 2, as an example, data  recorded  from 1  to 6 March were  imported and 
visualised using  the  software mXrap 4.1.9  (Harris & Wesseloo 2015). The  image obtained allows one  to 
identify  at  least  four  homogeneous  zones,  based  on  the  direction  and  magnitude  of  displacements 
(Table 1). 

Moreover, for each area an evaluation of the underestimation of the radar measurements was determined, 
projecting the displacement vector from the prisms along the LOS though the following formula: 

  	
∗

‖ ‖
∗   (1) 

where: 

  =  projection of vector u on v. 

  =  displacement vector from prism. 

  =  LOS vector. 

Table 1  Summary of underestimation of radar measurements for different areas 

#  Area 
Displacement vectors*  Average underestimation of 

the radar measurements Azimuth (°)  Dip (°) 

1 
Sheared rotated block 
along Page Creek 

100  ‐30  20% 

2  Crest of the pit wall  145  ‐40  30% 

3  Area above CBX block  100  ‐30  3% 

4  CBX block  100  20  10% 

*North is Y axis in Figure 2 
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Figure 2 Comparison between prisms and radar monitoring data (1-6 March 2014) 
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Two particular aspects can be noticed: 

 Near the crest of the pit there is an underestimation of the radar measurements between 20 and 
30%. 

 It can be observed that there is a rotation of the displacement vector between the crest and the 
surface above the CBX, but unfortunately no boundaries can be identified between the two areas. 

3 Experimental set-up and data interpretation 
For the experiment,  two Reutech ground‐based real aperture radars were deployed. The  first  instrument 
was  located  between  500  and  970 m  from  the  SW  wall,  with  a  resolution  of  measurement  grid  of 
approximately 3.6 × 6 m. The second unit was placed at the top of the east pit wall, with a distance from 
the SW wall between 780 and 1,250 m and a resolution of approximately 4.9 × 7 m. This site was chosen in 
order to be aligned with the direction of the movement at the crest of the pit and to provide a good overlap 
between the two radar measurements.  

The first radar has been continuously recording in the same position since February 2014, while the second 
instrument was only deployed from the 25 October to 3 November 2014. For this reason, the two datasets 
were  first  resampled  in  time,  in order  to synchronise  the measurements on  the same  time window. The 
dates chosen were between  the 25 October at 1710 h and 30 October at 2350 h, with a  time difference 
between instruments of only few minutes. Subsequent to that, the measurement grids were projected onto 
the digital elevation model (DEM) to provide consistent points. 

The data were imported in mXrap and the displacements for the time window selected were calculated for 
each radar unit and visualised in 3D (Figure 3). One of the first challenges was to match the two grids. For 
this reason, an algorithm was implemented. Site 2 data were used as a master grid, as the spacing between 
the points is greater, while Site 1 was used as a slave grid. For each point of the master grid, the algorithm 
searches for the closest 20 points within 10 metres and calculated the  inverse distance weighted average 
displacement. Once  the calculation was done, the value was mapped on the relative point of the master 
grid. In this way, it was possible to match 3,705 points on a common grid.  

 

Figure 3 Radar measurements from Sites 1 and 2 

As proposed by Severin et al. (2014), the displacement vectors along the LOS and the planes perpendicular 
to  LOS were  calculated.  In  absence of  a  third  radar unit  to  get  a  third plane  and  solve  the mathematic 
solution, a first attempt was done following the former work method. For each point of the two grids the z 
component of the displacement along the LOS was calculated. Then, the elevation values for the two radars 
were weighted  based  on  the  total  displacement.  Those  value  were  used  to  obtain  the  third  plane  of 
equation z = weighted elevation value. 
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In order to verify the quality of the method, the results were compared with the available prism data. The 
analysis has shown  that  there  is a good correlation between  the magnitude and azimuth  from  the prism 
and  the surrounding points on  the grid. Generally,  the errors are within 10%. However,  the dip  is highly 
underestimated  (more  than 80%).  The main  reason  is due  to  the  fact  that  except  in  the CBX block  the 
vector of movement are steeper than the LOS, with a consequent partially underestimation the elevation 
values. 

In  order  to  overcome  this  limitation,  a  different  approach was  explored.  An  algorithm was  created  to 
interpolate  the difference  in elevation  from  the prism network  (Figure 4). For each point of  the grid  the 
software searches for the closest five prisms within 100 m. Then, the elevation value is weighed based on 
the inverse distance and mapped on the grid. Finally, the value obtained was combined with the two radar 
measurements in order to solve the triangulation.  

 

Figure 4 Interpolation of z component from the prisms map 

4 Discussion 
As a result of the analysis discussed in Section 3, the experimental method has allowed us to produce a full 
3D displacement map for the slope (Figure 5). For each point of the grid not only the magnitude, but also 
the vector of movement can be observed. A comparison with the prism available has shown that there was 
a good correlation of the data (error within 10%) and the issues with the underestimation of the dip of the 
vector have been overcome.  

However, it is still important to notice that a few sources of error cannot be ignored: 

 The elevation variation has been estimated from the prism data and the accuracy in the z 
component is lower than in x and y. 

 Reflection of the radar signal and consequently accuracy of the measurements are a function of 
the angle of incidence with the slope (Figure 6). This is quite clear on the bottom left part of 
Figure 5, where the prisms and radar monitoring don’t match at all due to the acute reading 
angle. 
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Figure 5  Final results and identification of the subareas based on the displacement vectors. The circle identifies the 
area were radar and prisms do not match 

 

(a)  (b) 

Figure 6 Radar component of movement for Sites 1 (a) and 2 (b), assuming movement is perpendicular to surface, 
with yellow (100%) (courtesy of Reutech) 

It can be observed from Figure 5, that the slope can be divided  in eight different sub‐areas, based on the 
direction of vector movements. For each area, the average displacement for the period was considered and 
the displacement vectors calculated (Table 2). 

The results of the experiment highlighted the very complex kinematics of the slope. Surface deformations 
are more likely related to the weathering processes affecting the shales, causing the breaking down of the 
rocks. Different  authors  (Taylor &  Smith  1986; Walkinshaw &  Santi  1996;  Alonso &  Pineda  2006)  have 
outlined how shales are subjected to disintegration and strength reduction, caused by unloading and the 
wetting/drying cycle. Swelling of clay minerals can  rapidly deteriorate  rock properties, generating severe 
damage  to  the  rock mass  near  the  surface.  This  kind  of  process  can  also  be  observed  in  the  shales  at 
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Century. After a  few months  that  core  samples are  left  in an exposed environment,  they appear  totally 
disintegrated. That could be explained by the abundance of montmorillonite in the rock that facilitates the 
absorption of water and subsequent expansion of the clay minerals.  

Table 2  Average total displacement magnitude and vectors for different areas obtained, combining two radars and 
prisms 

Area #  Average total displacement (mm)  Azimuth (°)  Dip (°) 

1  95.3  120  30 

2  90.6  87  ‐15 

3  70.5  139  24 

4  87.6  113  24 

5  38.7  115  ‐20 

6  62.7  91  ‐22 

7  68.7  120  ‐16 

8  80.1  158  ‐15 

5 Conclusion 
In  this  paper,  the  authors  present  a method  for  combining  data  from  two  radars  and  a  set  of  prism 
measurements in order to obtain an interpretation of the full 3D surface displacement of a pit slope. From 
this work, it is clear that: 

1. Traditional prism and radar monitoring in the case of complex 3D instabilities may not be able to 
provide a full comprehension of the kinematics of the slope movements. 

2. Even though the method proposed in previous research using two radars can offer a more 
detailed image of magnitude and vector of displacement for the entire slope, certain limitations 
can be outlined. In particular, an underestimation of the dip of the vectors was found in the case 
that vectors are steeper than LOS. 

3. Prisms data can be integrated in the previous method in order to achieve more accurate results. 

4. The experiment has helped to obtain a much clearer image of the slope, suggesting complex 
kinematics linked with the surface degradation of shales. 
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Movements, instability and failures in open pit mines can pose important geotechnical problems, leading to
major impacts on the safety of personnel and themining operations. In particular, large slope scale rockslides rep-
resent a significant challenge, as these types of instabilities require accurate observations and monitoring. How-
ever, in many cases engineers can only rely on surface displacements for their interpretation of the failure
mechanism because there is no information on the extension of the deformation into the slope. More recently,
several attempts have beenmade to monitor the volume of rock of unstable slope in open pit and natural slopes,
using the microseismic technique. Nevertheless, the link between ground deformations, failure mechanism and
microseismic data was rarely addressed in the details of these studies. In this paper, a case study of the SWWall
instability at Centurymine (Queensland, Australia) is discussed. Since 2009, the pitwall has been affected by sev-
eral multi-batter failures, associated with continuous bedding planes. Geotechnical investigations, supported by
numericalmodelling, have interpreted those instabilities as potential development of deep-seated failure. Conse-
quently, in early 2013, the slope angle at the base of the slopewas reduced and a buttresswas left to avoid further
progression of the instability into the lower section of thewall. Slope performancewhilemining has beenprimar-
ilymanaged through surfacemonitoring (geodetic prisms and ground-based radar). However, as therewere still
concerns, a microseismic monitoring programwas proposed by MMG geotechnical personnel and subsequently
implemented. Ourwork integrated the approaches, analysing both ground deformation andmicroseismic data in
order to reach a more complete understanding of rock damage at depth and mechanisms of instability.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Current practice in modern mechanised open pit mining, slope
performance assessment is carried out by personnel through the
monitoring of surface deformations using visual inspections and
a network of surveyed geodetic prisms. Ground-based radar and
terrestrial laser scanner have also become popular recently in
the industry, allowing a wider coverage of the pit and an almost
real-time monitoring (Little, 2006, Harries et al., 2006,
Hutchison et al., 2015). However, all these tools can only detect
deformations near the surface and no information is available to
help understand the rock mass behaviour at depth.

This can become critical in case of large-scale slope instabilities
that involve multiple inter-ramp slope segments or the overall
slope. In fact, they require a more comprehensive approach to de-
termine the mode of failure, the triggering mechanism and the
possible volume involved (Hawley et al., 2009). Additional imple-
mentation of subsurface monitoring such as inclinometers and/or
extensometers may also be necessary. However, these instruments
cannot cover the 3-dimensional volume of the rock slope (Lynch
and Malovichko, 2006). Moreover, they require a safe access for
the drilling, installation of the system and also for data collection,
if the instruments cannot be read remotely. Unfortunately, in some
cases, the amount of deformation experienced may compromise
the capability for the personnel to work in those areas, with the
consequence that engineers can only rely on the surface survey
data.

In the last decade several attempts have been carried out to
implement routine microseismic monitoring in open pit mines
(Hudyma et al., 2003, Lynch et al., 2005, Sweby et al., 2006,
Kagan et al., 2013, Vinoth and Kumar, 2014) and natural rock
slopes (Brückl and Mertl, 2006, Roth et al., 2007, Spillmann et
al., 2007, Froese et al., 2009, Xu et al., 2011). The aim of these re-
searches was to develop an additional tool to understand the frac-
turing development and progressive damage in rock slopes. The
technique is based on the recording of the radiated seismic ener-
gy generated by brittle fracturing in order to estimate 3D location
and parameters at the source.

Microseismic monitoring has been more commonly used in un-
derground mining operations with the aim of understanding min-
ing induced seismicity. Over the years it has provided an
important tool to comprehend the spatial and temporal occurrence
of seismic events and to manage rockburst hazard (Gibowicz and
Kijko, 1994, Mendecki, 1997). In the open pit environment and in
natural rock slopes, the number of case studies is still limited and
the technique has not reached the maturity to be used as a routine
method, requiring a great deal of interpretation (Wesseloo and
Sweby, 2008). In particular, the relation between microseismic
events, geological-geotechnical data, surface monitoring and fail-
ure mechanisms has rarely been investigated in details and should
be the target of a deeper study. In this paper the authors used a
multi-approach analysis in order to assess the rock mass damage
at depth for the SW Wall at Century mine (Queensland, Australia),
where a microseismic system was installed in order to monitor an
unstable large scale slope.

The Century mine is an open pit mine owned and operated by
MMG Limited (Minerals and Metals Group). It is located near
Lawn Hill in North Queensland, approximately 250 km north-
west of Mount Isa, close to the Northern Territory border (Fig.
1a). The Century deposit represents one of the major sediment-
hosted zinc, lead and silver deposits of the Mount Isa inlier and
McArthur basin. Century comprises two sites – the mine and
processing operation at Lawn Hill, and associated concentrate
dewatering and ship-loading facilities at the Karumba Port, on
the Gulf of Carpentaria. The product has been transferred in
slurry form via a 304 km underground pipeline to Century's Port

facility at Karumba for shipping to smelters in Australia, Europe
and Asia.

The ultimate pit is approximately 2.5 km long by 1.5 km wide at
the surface with a final depth of 320 m, making Century one of the
largest open pit zinc mines in Australia and the third largest in the
world. The pit has been mined in a series of stages with older stages
being filled with waste material via a staged in-pit dump system.
The pit has now reached the final stage (Fig. 1b). After 16 years,
mining operations ceased at the end of 2015 and the pit is currently
in the mine closure phase, which may span over a period of
30 years.

2. The SW wall rock instability

2.1. Geological-geotechnical settings

The SW Wall of Century mine is a 300 m high slope with an
overall angle of 40°. The pit wall is developed within the footwall
sequence and is characterised by three main geotechnical units:
Lower Footwall (LFW), Upper Footwall (UFW) and Carbonate
Breccia (CBX) (Fig. 2a). The LFW is dominated by black carbona-
ceous shales, a tight and fair rock mass with distinctive bedding,
but indistinct other structures. In comparison, the UFW com-
prises black laminated shales, a more competent rock mass with
distinctive laminated bedding (Hendersonhall et al., 2010). Both
shale types exhibit highly anisotropic behaviour, with the Uncon-
fined Compressive Strength (UCS) varying from more than
100 MPa to only 16 MPa (Salvoni, 2015). However, those me-
chanical parameters refer only to the fresh rock; soon after the
exposure the shales tend to rapidly break up and deteriorate
due to the high clay mineral content (montmorillonite) and sul-
phide mineral pyrite (FeS2). Franklin (1981) highlighted how in
shales in low durability mechanisms of slaking, erosion and sur-
face creep are dominant.

At Century the rock mass is affected by continuous fracturing and
occasional bedding shears (Kurukuk and Sweeney, 2012). Bedding
planes are generally orientated in the direction of the slope with
an average orientation of 45°/090° (dip/dip direction in mine
grid). However, photogrammetric mapping and core logging analy-
sis showed how bedding tends to become much flatter with depth
(~25°) and is also affected by large scale angulation (Fig. 2b). Dril-
ling programmes also showed the presence of three main pervasive
joint sets, oriented 51°/187° (Joint 1), 51°/277° (Joint 2) and 67°/
351° (Joint 3).

Pandora's Fault, a deposit scale major structure, represents the
boundary between the UFW and LFW shales domains. It is a gently
to moderately north dipping, EW striking normal fault, which dis-
places the orebody into two major blocks. Pandora's Fault has been
interpreted as a scissor fault, with displacement varying along the
strike from zero at the eastern margin of the deposit to over
300 m at the western margin (Broadbent et al., 2002). However, in
the SW corner, it displays a sharp change in orientation from a strike
of EW to NW. Particularly interesting is the presence of a massive
block of CBX (Carbonate Breccia), characterised by high strength
(UCS N 150 MPa) material. The location and the shape of the CBX re-
constructed by the drilling holes available in the area, suggests that
the CBX may be a result of a large fault jog or dilation related to
Pandora's Fault.

The area is also characterised by the presence of a set of EW
north dipping sub-vertical structures. One of those structures,
known as Page Creek Fault, has contributed to the local rotation of
bedding and joint sets, resulting in the formation of a highly sheared
and fractured block (Kurukuk and Sweeney, 2012). A further steep
dipping, NE trending, dextral strike-slip fault (Creek Fault) has also
been recognised behind the pit crest, where it offsets Pandora's
Fault.

46 M. Salvoni, P.M. Dight / Engineering Geology 210 (2016) 45–56



Fig. 1. a) Location of Century's operations: the mine at Lawn Hill and the associated dewatering and ship loading facilities at Karumba (modified from Hendersonhall et al., 2010); b)
Century mine plan at March 2015 and current study area.

Fig. 2.General geological-geotechnical settings of the SWWall atMMGCenturymine. (a) Front viewof the pitwall atNovember 2013withmain geotechnical units and structural features;
b) Plane view of the area indicating the complex variation of the bedding planes.
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Fig. 3.Overview of the instability areas of the SWWall. a) Ground displacements recorded by the prismmonitoring and daily rainfall between October 2010 and January 2014 in different
areas of the slope; b) 3D view showing the displacement vectors for the same time period and coloured by total cumulative displacement; c) Possible case scenarios and failure
mechanisms based on 2013 studies and numerical modelling.
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2.2. Instability history

When mining in the SW corner commenced, the area of the pit
wall was affected by unravelling on bedding planes. Safe and
effective mining operations below the SW Wall have primarily
been managed by surface displacement monitoring (ground-
based radar and geodetic prisms). Previous investigations
conducted by MMG have highlighted the presence of two main
critical areas. The first one is located at the crest of the pit, where
the intersection between rotating bedding planes (36°/81°),
caused by Page Creek Fault and Joint set 1 (51°/187°), has
determined the formation of a wedge failure. The second one is
situated in the upper part of the pit wall above the CBX block,
where the slope scale angulation has determined local daylights
of bedding planes and the creation of an inter-ramp planar failure.
Tension cracks have been also developed up to 30 m behind the pit
crest. Analysis of the historical dataset showed that movements on
the pit wall tend to rapidly accelerate during the rainy season,
which typically occurs between November and March. Rates of
displacement following rainfall events can exceed 10 mm/day,
with cumulative displacements of several metres. During the dry

season, movements maintain steady displacements of approximately
1 mm/day (Fig. 3a,b).

In order to prevent further development of the failure in the
lower section of the wall while mining, the original design was
changed and a buttress (~28° overall angle) was left in situ in
the UFW domain at the base of the slope. Despite the design
changes, numerical modelling was still showing the possibility
for the development of a deep seated failure with further mining
(Sainsbury et al., 2013). In the worst case scenario, the failure
could propagate in the lower section of the wall though the but-
tress, with damage up to 100 m behind the crest (Fig. 3c). Access
to the wall was limited for the installation of traditional subsur-
face monitoring. Hence, a microseismic system was proposed
and subsequently implemented in November 2013. The aim of
the project was to provide early warning of the development of
the deep seated failure and to understand how deep into the wall
the rock mass was being damaged.

3. Microseismic monitoring system

3.1. Seismic array and data acquisition

The microseismic array comprised 16 sensors located in the vol-
ume of rock behind the SW wall (Fig. 4). A combination of five
28 Hz triaxial, six 14 Hz uniaxial, and three 14 Hz triaxial geo-
phones were placed into four long inclined (approx. 400 m) navi-
drilled boreholes. Sensors were installed approximately every
100 m in each hole, with two sensors at each depth for the purpose
of redundancy. Since 4.5 Hz uniaxial geophones could not be
installed in a hole with more than 2° deviation from the vertical,
two short vertical boreholes (approx. 10 m) were drilled near the
surface. As shown in Fig. 4, the microseismic array tends to follow
the slope curvature, as pit geometry and accessibility represent
major constraints for installing the sensors.

Geophones were preferred to accelerometers, as studies
showed them to be more sensitive and reliable in the lower fre-
quency range recorded from slope seismic events (10–400 Hz)
(Lynch et al., 2005). Each sensor is connected to one of the 4 data
acquisition units, powered by solar panels. Each seismic station
is connected to a private seismic LAN, by utilising Ubiquity M5
Bullet radios. The data are continuously transmitted to a central
computer via digital radio for processing and storage. Seismic sig-
nals are sampled at a rate of 6000 Hz with a 24-bit analogue-to-
digital (A/D) converter, and time is synchronised across the net-
work via GPS timing signals.

The seismic array at Century was designed and installed by the
Institute of Mine Seismology (IMS), which also provided data pro-
cessing. In this particular case, a standard trigger algorithm, based
on short-time averages (STA) and long-time averages (LTA) of the
incoming signal was deployed. The length of STA and LTA was set
at 2.6 s and 21.3 s, respectively. When at least four stations experi-
enced a STA/LTA ratio greater than 12, the system was triggered
and the event recorded. Once the system triggers, it records a seis-
mogram containing a certain number of samples prior to the trigger
time (~1250 samples), then the ‘triggered’ portion of the seismo-
gram until it ‘detriggers’. The system is detriggered once the STA/
LTA ratio goes below 2 and adds a certain number of samples
(~750) to the seismogram after detriggering. The LTA window up-
dates semi-continuously, although it uses a median filter. After
every 250 samples it calculates a new LTA, being a median of the
last 3 LTA's. This has the effect that individual triggers (events) are
not going to have any significant effect on the triggering (and
detriggering), keeping the LTA to be more truly representative. As
part of the research, project data were also recorded in continuous
mode.

Fig. 4.Microseismic array configuration showing location and type of geophones installed.
Plan view (above) and section view (below).
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3.2. Velocity model and local algorithm

A blast calibration test was conducted by MMG in order to
establish a p-wave and s-wave velocity model. A total of 9
blasts were fired at known locations and at known times, en-
abling the velocities from the blast location to each of the
seismic sensors to be calculated. The data indicates a VP of
3674 m/s and Vs of 2046 m/s that were used to create a homo-
geneous isotropic velocity model. Those velocities represent an
average, and effects such as heterogeneities and anisotropy in
the rock mass, as well as pit geometry can cause variations.
However, this approach was considered sufficient and not to
have an extreme impact, as sensors was installed directly
around the area of interest (Meyer, 2015). Back calculation of
the blast locations using this model indicated an average error
of 15 m.

Due to the high planarity of the seismic array, the measured
direction of the P-wave into the location minimisation problem
was also implemented in the location algorithm (Meyer, 2015).
In fact, location based only on arrival times could lead to two
possible locations, one on either side of the plane. A seismic
site will have the same distance to each possible location, mak-
ing the two locations equally likely in terms of travel times.
Therefore, this can create artefact in location accuracy and arti-
ficial alignment distributions of the seismic events.

Assuming that at least one tri-axial sensor with reliable orientation
records the event, it is possible to utilise the fact that the particlemotion
in the P-wave is orientated along the line between source and sensor.

Measurement of the direction of ground motion at the P-wave arrival
will indicate in which direction the source occurred relative to sensor
location. The addition of these parameters to theminimisation function
further constrains the location. This is particularly useful for arrays with
poor geometrical configuration such as four sites in the array with a
roughly planar geometry.

4. Microseismic data analysis

4.1. Processing of the data

Initial analysis, based on the trigger scheme database, was provided
by IMS,whichmanually processed the data andmade themavailable for
the engineers on sitewithin 10min of an event. However, further inves-
tigations were conducted, looking at the data recorded in the continu-
ous mode. This was not a straightforward process as it required a lot
of effort to import and analyse the data, due to the large amount of re-
cording. The database was uploaded into the software Trace, where
each single eventwas analysed and reprocessed using the same location
algorithm previously implemented by IMS.

Themain findingwas that many events, in particular the low energy
ones, were not recorded, while others were only triggered by a limited
number of sensors. The reprocessing not only allowed us to improve
source locations, but almost doubled the number of events previously
detected. For this project, the attentionwas primarily focused on the pe-
riod between February andMay 2014, when a dramatic increase in sur-
face deformations and seismic activity was observed.

Fig. 6. February toMay 2014 instability reactivation. a) Localised planar failure along the lower section of Page Creek Fault; b) Shallow slip zone in the buttress; c) CBX block active passive
wedge mechanism, with rotation and consequent detachment.

Fig. 5. a) Plan viewshowing the total LOSdisplacementsmeasured between1 February and 9April 2014 fromground-based radar data available (negative displacements:moving towards
the sensor); b) Displacement patterns for different areas of the slope from prism network and daily rainfall observations (1 February–30May 2014); b) Seismic activity for the same time
period.
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4.2. 2014 instability reactivation and seismic activity

From November 2013 to May 2014, more than 2300 seismic events
were located in the SW corner of Century, ranging from a local magni-
tude of −4.5 to −1. Of those, approximately 20% were recorded
below the lowest part of the current pit and they were most likely the
result of stress changes related to removal of the broken rock after
blasting and excavation (Lynch et al., 2005). Themajority of the seismic-
ity was instead recorded behind the SWWall where, between February
and May 2014, a rapid acceleration of surface deformations was ob-
served. Cumulative displacements up to several metres were recorded
by both prisms and ground-based radar monitoring systems (Fig. 5a,b).

After several days of rainfall, from the 15th February 2014 a reactiva-
tion of movements in proximity of the wedge failure, in the upper sec-
tion of the pit wall and in the CBX started to be observed. On the 23rd
February surface movement began to dramatically increase reaching a
peak of 254 mm/day from the middle of March to the middle of April.
At the same time, a localised planar failure (~10 m depth) occurred in
the lower section of Page Creek Fault (Fig. 6a). The buttress area
remained stable, except for a shallow slip zone determined by the inter-
section between Pandora's Fault and a thin weak layer (Fig. 6b). New
tensile cracks also opened up behind the pit crest. It appeared that
movements were reduced by the presence of the CBX block, which
was acting as a natural buttress while slowly being pushed out in a

Fig. 7. Seismic events recorded from February toMay 2014 behind the SWWall. a, b, c, d) 3D view showing the seismic activation sequence for different timewindows (seismic events are
coloured and sized by local magnitude); e) Seismic events grouped by clusters based on the temporal and spatial state of activity: (1) Page Creek Fault, (2) wedge failure, (3) buttress slip
zone, (4) upper wall sector, (5) CBX block, (6) right bottom corner CBX block and (7) Pandora's Fault cluster.
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toppling or rotation manner (i.e. active passive wedge). With the pro-
gressive rotation of the CBX, fractures were detected behind the block,
followed by its partial detachment from the wall (Fig. 6c). Lipping (dif-
ferential displacement)was also observed in the right corner at the base
of CBX block. From themiddle of April 2014, slope deformations gradu-
ally decreased, reaching a steady rate of 15 mm/day in July 2014.

Seismic activity appears to have been triggered by the rainfall, with
approximately 2000 events recorded behind the pit wall between
February and May 2014 (Fig. 5b). Less than 100 events were located
below thefloor of the actual pit, asmining activity (blasting/excavation)
at the toe of the slope was limited during this time as per the MMG
Century Trigger Action Response Plan (TARP). The analysis of themicro-
seismic data revealed a strong relationship between the temporal and
spatial style of activity for different areas of the slope, in the response
to the triggering input. Seismic activity has been subdivided into four
time windows and represented as 3D views, in order to highlight the
spatial and temporal distribution of the events (Fig. 7). This analysis
allowed us to identify the following activation sequence:

1. From the 15th February seismic events started to be recorded behind
the pit wall, with a rate of approximately 11 events per day. The ac-
tivity was mainly concentrated in the lower section of Page Creek
Fault, in the wedge failure sector and behind the CBX block (Fig. 7a);

2. On the 23rd and 24th of February, two main event clusters were ob-
served. The first one corresponded to a localised planar failure in the
lower section of Page Creek Fault, while the second occurred in the
buttress, where the slip zone was observed. A generalised increase
in seismic activity was recorded (~20 event per day), with events
also being detected in the upper section of the wall (Fig. 7b);

3. From themiddle of March to themiddle of April, seismic activity rate
reached its peak, with more than 30 events per day. Activity was
mainly localised in the wedge failure sector, behind the CBX block
and in the upper section of the wall. Events were also recorded in
the right corner at the base of CBX block and along Pandora's Fault
(Fig. 7c);

Fig. 8. Frequency-magnitude charts for seismic events between February and May 2014.

Fig. 9. Es-Ep distribution chart; seismic events have been grouped according to fracturing
mechanism type.

Fig. 10. Es-Ep distribution for different ranges of local magnitude; it can be noticed how
the proportion of pure shear event (Es/Ep N 4.5) tends to increase with the increasing of
local magnitude. At the same time, pure tensile events (Es/Ep b 1) decrease.
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4. Gradually, from the middle of April, events were mainly concentrat-
ed in thewedge failure sector and behind the CBXblock. Activity pro-
gressively slowed down, reaching only a few events every week by
the end of May (Fig. 7d).

4.3. Seismic system sensitivity assessment

A sensitivity analysis was performed on the data-set in order to es-
tablish in which range of local magnitude the seismic system can effec-
tively record seismic events. As defined by Wesseloo (2011), the
sensitivity of a seismic system is the minimum magnitude (mmin) that
can be reliably recorded by the system. In other words, this is the mag-
nitude above which all events are recorded and, therefore, the seismic
array is sufficiently sensitive.

The most common way to assess the sensitivity is to directly evalu-
ate themmin from the frequencymagnitude distribution of a seismic da-
tabase. Gutenberg and Richter (1944) found the following empirical
relation between these parameters:

log(N)=a‐bM.
Where:N= number of seismic events of at least magnitude, M;M=

magnitude;a, b = constants.
By plotting frequency andmagnitude in a log-linear space, themag-

nitude where the seismic data ceases to follow a log-linear relationship
can be identified (Fig. 8). This value, known as mmin, is usually consid-
ered to be the magnitude of completeness of the data-set. In other
words, it indicates the minimum magnitude above which all events
can actually be recorded. In the case of the Century database, the system
was able to fully record the seismicity down to −3.8 ML.

4.4. Es to Ep distribution

After establishing links between the spatial and temporal style of ac-
tivity for both ground surface deformations and seismicity, the authors
investigated what type of fracturing mechanism was generating the
seismic events. This analysiswas carried out looking at the ratio of ener-
gy associatedwith the S-wave andP-wave (Es/Ep). In the farfield of seis-
mic observations the P and S-wave contribution to the total radiated
energy are proportional to the integral of the square of the P and S veloc-
ity spectrum (Mendecki et al., 2010).

This parameter is dependent on the focal point mechanism at the
seismic source, and is an important indicator (Cai et al., 1998).
Boatwright and Fletcher (1984) demonstrated that in fault-slip type
events, the energy associatedwith S-waves ismuch higher than that re-
lated to P-waves. (Sato, 1978) indicated that for pure tensile model of
fracturing, Ep and Es are approximately equal. Kwiatek and Ben-Zion
(2013) suggested 4.5 as the lower bound for pure shear faulting and
lower values for events containing tensile/extensional components.

Therefore, an analysis of the distribution of Es/Ep ratio for the seis-
mic events recorded was carried out. In order to investigate possible
biases on the distribution related to the completeness limit, the dataset
wasfiltered to take into account only events above−3.8ML. In Fig. 9 are
shown the Es/Ep distribution for the complete and the filtered database
respectively. It can be seen that the two curves don't change significant-
ly. Considering the filtered distribution, approximately 45% of the seis-
micity is purely related to shear fracturing (Es/Ep N 4.5), while
another 49% involve a tensile/extensional component (1 b Es/
Ep b 4.5). Only 6% can be attributed to pure tensile/extension events
(Es/Ep b 1). Notwithstanding this is only a qualitative parameter, it
can support the hypothesis that the seismic events have been generated
by the combined effects of shearing along bedding planes and breakup
of the rock mass between those shearing zones.

As previously mentioned, the distribution of Es/Ep ratio for the fil-
tered and unfiltered database didn't show anymajor variation. Howev-
er, looking more in detail, it can be observed that by excluding seismic
events smaller that a local magnitude of −3.8 ML, the percentage of
pure shearing events slightly increased. This could suggest that a corre-
lation exists between eventmagnitude andmechanism type. In order to
verify the relationship, the Es/Ep distribution was plotted for different
magnitude ranges (Fig. 10). Looking at the graph, it can be seen how
as the localmagnitude increases, the percentage of pure shearing events
tends to increase as well. At the same time, the number of pure tensile
events decreases.

This would suggest that the fracturing process is initiated by a pro-
gressive coalescence of small extensional cracks that subsequently re-
sult in stronger shear type events. Similar observations were found at
the laboratory scale using acoustic emission (AE) to track the develop-
ment of failure planes (e.g. Manthei, 2005, Sellers et al., 2003).

4.5. Rock mass damage at depth

Finally, the authors have also analysed the distribution of event loca-
tions. The aim was to attempt to comparing seismic activity occurrence
with the case scenarios from the 2013 studies and numerical modelling.
Our interpretation is based on a section view through the main body of
the slope and the comparison of seismic eventswith the geological-geo-
technical information and ground deformation data previously
discussed.

Fig. 11a indicates that the likelihood of presence of any seismic activ-
ity related to the development of a deep seated failure can be excluded.
In fact, only few and unclustered eventswere recorded at depth into the
slope. Further investigations have also highlighted how most of events
were poorly located as only a small number of sensors were actually
used in this location.

Seismicity tends to be concentrated within a narrow band between
20 and 40 m from the surface and behind the CBX block. Particularly

Fig. 11. Section through themain body of the slope (a) and the wedge failure (b); seismic
events are coloured based on the distance from the pit surface and sized according to the
local magnitude.
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interesting is also the reduction of seismic activity in the lower section
of thewall near surface. A similar characteristicwas also observed in an-
other section view along the wedge failure sector (Fig. 11b). This distri-
bution can be interpreted to be a result of a different instability
mechanism between the surface and at depth. The surface monitoring
shows a large amount of ground surface displacement. The material,
close to the surface, is characterised by intensely broken/weathered
rockmass and is no longer able to produce and propagatemuch seismic
energy (i.e. it is an aseismic zone). This area is subjected to creep driven
movements that are always present even in dry conditions and
characterised by an acceleration in movement related to seasonal rain-
fall. Unfortunately, the depth of this zone is hard to assess as no sub-sur-
face instrumentation such as inclinometers or extensometers are
available and the seismic location accuracy doesn't allow for this type
of resolution. Examples in the literature reported how the thickness of
weathered shale layer may reach 9–13 m (Franklin, 1981).

This shallow instability has caused the rotation of the CBX block and
triggered further deformation at depth, where between 20 and 40 m of
shearing and rockmass damage is developing into amulti-batter failure.
Seismicity behind the CBX block is then related to the creation of an ac-
tive–passive wedge type mechanism. This type of mechanism seems to
reduce during the dry season and be more active during rainfall events.
There is no indication of the development of a deep seated failure and
the extension of the movements into the lower section of the wall.

5. Conclusion

Large unstable rock slopes can pose significant hazards for personnel
and operations in open pit mines/road cuttings and a complete under-
standing of failure mechanisms and the state of the rock mass requires
an analysis of a comprehensive dataset. However, in many cases infor-
mation is limited and the installation of subsurface monitoring not fea-
sible. Several case studies in the literature address the use of
microseismic monitoring in open pits and natural slopes. Nevertheless,
the link between geological-geotechnical information, surface monitor-
ing and microseismic data was rarely discussed in detail in those publi-
cations. Our work has attempted an integrated approach in order to
better understand the fracturing development and failure mechanism.

In this paper the authors have analysed the surface andmicroseismic
data continuously acquired between February and May 2014 at the SW
Wall at Centurymine. The aimwas to verify possible case scenarios pre-
viously identified and understand how further the rockmass was being
damaged. The study allowed us to identify a strong relationship be-
tween the temporal and spatial style of activity for different sectors of
the slope and the distribution of seismicity. Moreover, the data helped
exclude the development of a deep seated failure and damage in the
lower sector of the wall. Instead, the analysis evidenced how the slope
is not acting as a rigid block, but it is characterised by different levels
of deformation. A first shallow zone within 9–13 m is characterised by
creepmovements and most likely influenced by the weathering deteri-
oration. A much deeper zone (20–40 m) involves a multi-batter failure
development and an active passive wedge controlled by the CBX block.

In conclusion, despite the analysis of the seismic data, the under-
standing of the instability still required a holistic approach for the inter-
pretation of the slope movement. This could not have been undertaken
without themicroseismic data. Hence the use of microseismic monitor-
ing techniques can provide a useful management tool in order to assess
rock mass damage when no other subsurface data are available.
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Abstract 

Over the years there have been several attempts to undertake routine real-time microseismic monitoring of 
open pit mine slopes. This technique has been commonly used in underground operations to manage 
induced seismicity and rockburst. However, the microseismic monitoring in open pits is still experimental 
and further studies are required. In this paper, we analysed the data from MMG Century mine where, in 
November 2013, a microseismic system was installed in order to monitor a large scale unstable slope. 
Design of the system and installation of the instruments were performed by the Institute of Mine 
Seismology. The seismic events were recorded, based both on a triggered scheme and in continuous mode. 
As part of our research project, data was given to four independent groups to be analysed and provide their 
own results. One group applied a routine method using the triggered data, manually processed them and 
made them available for the engineers on site within 10 minutes. The other three groups later reanalysed 
the data using both triggered and continuous waveform. Our work compared the different results obtained, 
and highlighted some of the key points engineers should be aware of in the design and implementation of a 
microseismic system in open pit mines. 

1 Introduction 

Century mine is an open pit mine owned and operated by MMG Limited. It is located near Lawn Hill in 
North Queensland, approximately 250 km northwest of Mount Isa, close to the Northern Territory border. 
The Century deposit represents one of the major sediment-hosted zinc, lead and silver deposits of the 
Mount Isa inlier and McArthur basin. The ultimate pit was approximately 2.5 km long by 1.5 km wide at the 
surface, with a final depth of 320 m. After 16 years, mining operations ceased at the end of 2015 and the 
pit is currently in the mine closure phase, which may span over a period of 30 years.  

Since commencement of mining in the South-West (SW) Wall in 2007, the area has represented an ongoing 
challenge for engineers on site, due to persistent stability problems. A brief history of the instabilities in the 
area, and the subsequent redesign and remediation work undertaken, are discussed in Hendersonhall et al. 
(2010) and Kurukuk and Sweeney (2012). The current pit wall is a 300 m high slope, with an overall angle of 
40° (Figure 1). It is developed within the footwall sequence and is dominated by the presence of thinly 
bedded shales (bedding space between 2 and 50 cm). Within the footwall sequence two main geotechnical 
domains have been identified: lower footwall (LFW) and upper footwall (UFW). The LFW is dominated by 
low strength black carbonaceous shales, a tight and fair rock mass with bedding partings, continuous joints 
and occasional bedding shears. In comparison, the UFW comprises black laminated shales and a more 
competent rock mass with distinctive laminated bedding (Hendersonhall et al. 2010). 

Pandora’s Fault, a deposit scale major structure, represents the boundary between the UFW and LFW shale 
domains. It is a gently to moderately north dipping, east–west striking normal fault, which displaces the 
orebody into two major blocks. Pandora’s Fault has been interpreted as a scissor fault, with displacement 
varying along the strike from zero at the eastern margin of the deposit to over 300 m at the western margin 
(Broadbent et al. 2002). However, in the SW corner, it displays a sharp change in orientation from a strike 
of east–west to northwest. The area is also characterised by the presence of a set of east-west, north 
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dipping sub-vertical structures. One of those structures, known as Page Creek Fault, has contributed to the 
local rotation of bedding and joint sets, resulting in the formation of a highly sheared and fractured block 
(Kurukuk & Sweeney 2012).  

 

Figure 1 Century mine plane at March 2015 and overview of the SW Wall geotechnical domains and 

geological structures  

Generally, the pit wall experienced periods of rapid acceleration (up to 10 mm/day) during the wet season 
and steady trend movements (less than 1 mm/day) during the dry season (Figures 2(a) and 2(b)). By the 
end of 2012, an unexpected massive block of carbonate breccia (CBX), extending over five benches was 
fully exposed along Pandora’s Fault. Waltho and Andrews (1993) found the presence of discordant veins of 
breccia along pre-existing fractures/faults is not unusual at Century, with widths varying from 0.1 to 34 m, 
although this was the first exposure of this size that had been observed. 

Major concerns at the mine started to rise during the 2012–13 wet season, with an increase of acceleration 
trend and the development of tension cracks up to 30 m behind the pit crest. A buttress at the toe of the 
slope (~28°) was recommended by Century to manage the observed progressive movement in the slope 
above the CBX block. In order to assess the performance of the buttress as a stabilising measure, Itasca 
conducted a three-dimensional (3D) numerical analysis with Itasca’s FLAC3D (Sainsbury et al. 2013). The 
possible case scenarios are shown in Figure 2c. The model highlighted how a failure was most likely to 
occur along Pandora’s Fault through the buttress. Moreover, the instability could result in a deep seated 
failure mechanism, unravelling along Page Creek Fault and then extending along Pandora’s Fault.  

Due to the instability, access to the wall was limited for the installation of traditional subsurface 
monitoring. Therefore, MMG management decided to install a microseismic system. The aim of the project 
was to provide early warning of the development of the deep seated failure and to understand how deep 
into the wall the rock mass was being damaged. The Australian Centre for Geomechanics was engaged to 
conduct the research. 
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Figure 2 Overview of the instability areas of the SW Wall. a) Ground displacements recorded by the 

prism monitoring and daily rainfall between October 2010 and January 2014 in different areas 

of the slope; b) 3D view showing the displacement vectors for the same time period and 

coloured by total cumulative displacement; c) Possible case scenarios and failure mechanisms 

based on 2013 studies and numerical modelling (from Salvoni & Dight 2016) 



Microseismic data — a comparison between routine trigger method and continuous data processing M Salvoni et al. 

4 APSSIM 2016, Brisbane, Australia 

2 Microseismic monitoring system 

The microseismic array comprised of 16 sensors located in the volume of rock behind the southwest wall. 
As shown in Figure 3, the system tends to follow the slope curvature, as pit geometry and accessibility 
represent major constraints for installing the sensors. Navi-drilled boreholes behind the pit crest were the 
only option to get the instruments sufficiently close to the instability area. A combination of five 28 Hz 
triaxial, six 14 Hz uniaxial and three 14 Hz triaxial geophones were placed into four long-inclined 
(approximately 400 m) boreholes. Sensors were installed approximately every 100 m in each hole, with two 
sensors at each depth for the purpose of redundancy. Since 4.5 Hz uniaxial geophones could not be 
installed in a hole with more than a 2° deviation from the vertical, two short vertical boreholes 
(approximately 10 m) were drilled near the surface. The distance of the sensors from the surface is 100 m 
for the central boreholes and 50 m for the later one. Sensors S4 and S16 are only 15 m from the pit face. 

 

Figure 3 Plan and section view of the microseismic array configuration showing location and type of 

geophones installed 

Seismic signals were sampled at a rate of 6,000 Hz and a standard trigger algorithm, based on short-time 
averages (STA) and long-time averages (LTA) of the incoming signal, was deployed. The length of STA and 
LTA was set at 2.6 and 21.3 s, respectively. A single station was considered to have triggered when STA/LTA 
was bigger than 12. It is important to highlight how only waveforms from geophones, which exceed the 
trigger level, were actually recorded. For research purposes only, data was also recorded in continuous 
mode. The system was fully operative for the end of November 2013 to the middle of April 2014, when 
stations S13, S14, S16 went offline. At February 2016, when the system was decommissioned, only sensors 
in the central boreholes were effectively recording. 

3 2014 instability reactivation 

During the 2013–14 raining season, the instability of the South-West all started to experience a rapid 
acceleration of surface deformations with accumulative displacements recorded, from prisms and radar, up 
to several metres. After several days of rainfall, from the 15 February 2014, a reactivation of movements in 
proximity of the wedge failure, in the upper section of the pit wall and in the CBX, were observed. On the 
23 February, surface movement began to dramatically increase, reaching a peak of 254 mm/day from 
mid-March to mid-April. At the same time, a localised failure (~10 m depth) occurred in the lower section of 
Page Creek Fault (Figure 4(a)).  
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Figure 4 February to May 2014 instability reactivation; (a) localised failure along the lower section of 

Page Creek Fault; (b) shallow slip zone in the buttress; and, (c) CBX block active passive wedge 

mechanism, with rotation and consequent detachment (from Salvoni & Dight 2016) 

The buttress area remained stable, except for a shallow slip zone determined by the intersection between 
Pandora’s Fault and a thin weak layer (Figure 4(b)). New tensile cracks also opened up behind the pit crest. 
It appeared that movements were reduced by the presence of the CBX block, which was acting as a natural 
buttress whilst slowly being pushed out in a toppling or rotation manner (i.e. active passive wedge), 
(Salvoni & Dight 2016). With the progressive rotation of the CBX, fractures were detected behind the block, 
followed by its partial detachment from the wall (Figure 4(c)). Lipping (differential displacement) was also 
observed in the right corner at the base of the CBX block. From mid-April 2014, slope deformations 
gradually decreased, reaching a steady rate of 15 mm/day in July 2014. 

4 Data analysis comparison 

As previously mentioned, seismic data in the form of seismograms were given to four different groups, 
which independently analysed the waveforms and provided their own source locations and parameters. All 
of the groups also had access to the calibration blast result, which was conducted by MMG in order to 
establish a P-wave and S-wave velocity model. In this paper, we only consider data between 1 February 
2014 and 8 April 2014, as this is the only time all groups involved had overlapping results.  

From this study and handling of the seismic data, three main methodologies for processing seismic 
waveforms seem viable for microseismic slope monitoring. These are: 

 Real-time processing: this method involves the processing being founded on real-time association 
between sensors based on a LTA/STA ratio. Generally with this method fewer events are recorded as 
fewer sensors are available for processing due to the process being automated. The positive of this 
method is that events can be processed and reported to the mine site in a very short turnover time.  

 Continuous-data processing: this method relies on the continuous recording of vibrations at each 
sensor. Post association is completed based on a LTA/STA ratio and human interpretation. 
Additionally, when four or more sensors are triggered, the other sensors can be evaluated for 
event triggers which might not have been above the LTA/STA threshold, therefore, increasing the 
number of sensors used. Thus, one is able to produce many more events than the real-time 
processing method. However, because of how more involved this process is, events can only be 
provided a considerable time after its occurrence. 
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 Trigger monitoring: this philosophy assumes the events which are considered vital will occur 
within the vicinity of the installed sensors and therefore location is not as vital component 
compared to the rate and size of events. The rate is determined by the number of associated 
triggers and the size of the event is assumed to be related to the number of sensors associated to 
the event. This method gives a real-time indication of the activity of fracture occurrence in the 
rock mass. 

The four groups only considered methodology one and two. The details of the approaches for the different 
groups will be discussed in detail below. 

4.1 Group A  

The first group implemented routine real-time micro-seismic monitoring, based on triggered data recorded 
according to the scheme discussed in Section 2. The calibration blast test available was used to establish a 
homogenous and isotropic velocity model, with a VP of 3,674 m/s and VS of 2,046 m/s. Due to the high 
planarity of the seismic array, the measured direction of the P-wave was also implemented into the 
location minimisation problem. In fact, location based only on arrival times could lead to two possible 
locations, one on either side of the common plane of sensors. A seismic sensor will have the same distance 
to each possible location, making the two locations equally likely in terms of travel times. Therefore, this 
can create an artefact in location accuracy and artificial alignment distributions of the seismic events 
(Meyer 2015). The geometry of the pit and the effect of voids on the ray path were not taken into account 
in this model. Back calculation of the blast locations using this model indicated an average error of 15 m in 
the location algorithm. This methodology is mainly based on the underground mining environment 
experience and it is discussed in detail in Mendecki et al. (2010). This method allows a quick response, with 
data manually processed 24/7 and made available for the engineers on site in almost all cases within 
10 minutes. 

In the time window considered, 1,161 events were totally located (Figure 5). Of those, approximately 5% 
were recorded below the lowest part of the current pit (880RL) and they were most likely the result of 
stress changes related to the removal of broken rock after blasting and excavation (Lynch et al. 2005). The 
analysis of the microseismic data revealed a strong relationship between the temporal and spatial style of 
activity for different areas of the slope, in the response to the triggering input (rainfall events), (Salvoni & 
Dight 2016). Events in the pit wall area were recorded from the 15 February 2014, mainly behind the CBX 
block. Suddenly, a spike in the seismic activity was recorded on the 23 February around the lower section of 
Page Creek Fault, where the localised planar failure occurred. In response to the global reactivation of the 
instability, events were observed in the wedge failure area, in the upper section of the pit wall and behind 
the CBX block. Despite the shallow slip in the buttress, no seismic activity was recorded in this area. 

 

Figure 5 Seismic events processed by Group A; events marker styles are based on spatial occurrence and 

sized by log(energy) 
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Based on the above observations, the following conclusions can be made: 

 There is no evidence that failure along Pandora’s Fault, through the buttress and a deep seated 
failure along Page Creek Fault, is actually occurring. 

 Seismic activity is well correlated with the spatial and temporal distribution of the areas of 
instability, except for the shallow slip area. 

 The shape of the distribution of seismic events behind the CBX block may indicate that some 
shearing structure is developing in order to accommodate the progressive rotation of the block. 
However, as a similar distribution can also be observed in the wedge failure area, the possibility 
that this may be still related to an array configuration artefact cannot be excluded. 

 Only a few poorly clustered events were observed in the upper section of the wall above the CBX. 
This can be related to the fact that there is a disconnection between deformation at surface and 
at depth. As discussed in Salvoni and Dight (2016), the large deformations experienced on the wall 
may be caused by a shallow failure moving by creeping and attributed to progressive weathered 
shales. The seismicity recorded would then be related to a deeper possible failure, still in 
development. However, it can also be that the rock mass was already damaged before the 
installation of the system and therefore be aseismic. 

4.2 Group B 

The second group used both the triggered and continuous databases. A more detailed investigation on the 
calibration blast test established that the seismic velocity changes between the rock volume to the south 
and north of Pandora’s Fault. For this reason, a 3D velocity model was built to accurately calculate the 
travel time. South of Pandora’s Fault the VP was found to be 3,700 m/s and VS 1,960 m/s, while north of 
Pandora’s Fault the VP was 2,900 m/s and VS 1,550 m/s. Pit geometry was not taken into account by this 
group, but a constraint method was applied to the event location in order to avoid an event to be located in 
the air off the pit or above the ground surface. Sensor orientation was considered sufficiently reliable by 
this group and was not taken into account. The location of the blast based on this velocity model and the 
location algorithm came within 6 m from where the calibration blast was located. 

For each event located by Group A, the continuous database was analysed in order to verify for which 
geophones there was a reliable P and S arrival. It was found that many useful seismic signals found in the 
continuous data were missed in the triggered data set. This suggested that the trigger (LTA/STA ratio) level 
was set too high. On average, Group A used only four geophones to locate the events, while Group B used 
up to seven sensors. Furthermore, Group A only considered events with at least four triggers, Group B 
investigated events with less than four triggers and investigated the continuous data to see if these events 
could be located. An extra 218 events were processed by Group B using this technique. 

Despite the general distribution of seismic events (Figure 6), the overall clustering, and hence 
interpretation, did not change much between Group A and B. The following observations can be made: 

 Using the continuous data allowed the use of more sensors to locate seismic events; hence one 
would assume better location accuracy was achieved. 

 More events were detected compared to Group A. 

 Group B was able to identify an additional cluster close to the shallow slip failure in the buttress. 

 Looking at the distribution of seismic events it became evident how, if sensor orientation is not 
taken into account, location artefacts are created. 

 Even from Group B there is no evidence that the failure is going to develop according to 2013 
numerical modelling. However, not enough information can be obtained to evaluate the 
multi-batter failure type one in Figure 3.  
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Figure 6 Seismic events processed by Group B; events marker styles are based on spatial occurrence and 

sized by log(energy) 

4.3 Group C 

The third group reprocessed the data from Group A using the same location algorithm and software. The 
main difference was that the triggered data was used as a guide to look into the continuous database and 
locate the events. In this case more than 400 extra events were found during the analysis (Figure 7). The 
most important highlights were: 

 Continuous data allowed recording more events and used more sensors to locate each single 
event. 

 The alignment of events dipping back into the slope disappeared for the cluster in the wedge 
failure, while in the CBX block they were only reduced. 

 A new cluster of events appear in correspondence of the lipping observed in the right corner at 
the base of CBX block. 

 Seismicity tends to be concentrated within a narrow band between 20 and 40 m from the surface 
and behind the CBX block. Particularly interesting, is the reduction of seismic activity in the lower 
section of the wall near the surface. A similar characteristic was also observed in another section 
view along the wedge failure sector (Figure 8). 

 This distribution can be interpreted to be a result of a different instability mechanism between 
the surface and at depth. The surface monitoring shows a large amount of ground surface 
displacement. The material, close to the surface, is characterised by intensely broken/weathered 
rock mass and is no longer able to produce and propagate much seismic energy (i.e. it is an 
aseismic zone). This area is subjected to creep driven movements that are always present even in 
dry conditions and characterised by an acceleration in movement related to seasonal rainfall. 
Unfortunately, the depth of this zone is hard to assess as no sub-surface instrumentation such as 
inclinometers or extensometers are available and the seismic location accuracy does not allow for 
this type of resolution. Examples in the literature reported how the thickness of weathered shale 
layer may reach 9–13 m (Franklin 1981). 

 This shallow instability has caused the rotation of the CBX block and triggered further 
deformation at depth, where between 20 and 40 m of shearing and rock mass damage is 
developing into a multi-batter failure. Seismicity behind the CBX block is then related to the 
creation of an active–passive wedge type mechanism. This type of mechanism seems to reduce 
during the dry season and be more active during rainfall events. There is no indication of the 
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development of a deep seated failure and the extension of the movements into the lower section 
of the wall.  

 

Figure 7 Seismic events processed by Group C; events marker styles are based on spatial occurrence and 

sized by log(energy) 

 

Figure 8 Section through the upper section of wall, CBX block and buttress (above); and, (b) through the 

wedge failure area (below), showing events coloured by distance to the survey and graph 

showing the distribution 

4.4 Group D 

The last group used only the continuous data and retriggered those using a STA/LTA ratio of three. Based 
on the calibration blast a 3D velocity model was used, incorporating the effect of pit geometry to the ray 
path. This group estimated that the Vp and Vs were 3,620 and 1,940 m/s, respectively. Initial back 
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calculation of calibration blast location using a simple isotropic velocity model gave an average error was 
26 m. However, the model was then further refined in order to take into account the effect of pit geometry 
on the seismic ray-path (Trifu & Shumila 2010), bringing down the average error to 9 m. Moreover, an 
attempt to introduce the effect on anisotropic effect was done. This was done by chancing the original 
velocity normal and vertical to the bedding. In fact, at laboratory scale it was found that P-wave in the two 
directions differs by 10%. However, relocation of blasting gave less accuracy and therefore only the 
previous model was used for the processing of the events. Events were automatically processed and then 
manually checked for quality control. 

Below are the main findings based on the seismic data for Group D: 

 The number of events located increased sixfold, with a total number of approximately 6,000. Only 
5% of the seismicity was observed at the bottom of the pit, while the majority was located behind 
the pit wall. 

 General distribution of seismic events did not change compared to the previous databases 
(Figure 9). However, more seismic events were identified in the shallow portion of the buttress 
(within 5–10 m) as well as in the right corner of the CBX block (lipping zone). 

 A higher number of seismic events were recorded in the upper section of the pit wall and small 
events were also recorded close to the surface. Distribution of the events in the sections for the 
main body of the wall and in the wedge failure area is shown in Figure 10. 

 As for Group C interpretation the alignment of seismic events for the wedge failure disappeared, 
while it remained for the CBX block. 

 This database helped to further constrain the failure zone and update our interpretation; in 
particular, it seems that most of the seismicity for the critical area is concentrated in a band 
within 10 m from the surface. Therefore, this area is not aseismic. The continuous data means an 
improvement in the number of events recorded, and hence events were picked that were located 
here. Some seismicity is observed also at depth that could coincide with type one failure in the 
model but there are no indications that this has fully developed yet. 

 

Figure 9 Seismic events processed by Group D; events marker styles are coloured based on spatial 

occurrence and sized by log(energy) 
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Figure 10 Distribution of seismic events from the surface for the upper section of wall and for the wedge 

failure area 

5 Guideline for microseismic monitoring in open pit mines 

The Century project installed the microseismic system with the aim of monitoring the formation of deep 
seated failure in the slope. The system was installed with directional holes, and was designed with regards 
to the best 3D configuration possible. The system also had the ability to measure the sensor-responses 
continuously. This is something which has not been attempted yet in slope monitoring for mining. The 
installation and use of a microseismic monitoring system in open pit mines for slope monitoring is not a 
common practice. Several previous studies (Hudyma et al. 2003; Lynch et al. 2005; Wesseloo & Sweby 
2008; Kagan et al. 2013; Vinoth & Kumar 2014) discuss details of their seismic system, however, do not give 
much detail about the design of such a system from scratch. This section will focus on the design 
methodology for a microseismic system for open pit slope monitoring. 

5.1 Seismic processing approach 

When designing any monitoring system, it is vital to be aware of the aims of the system in question. This 
includes keeping in mind the other monitoring tools at the disposal of the engineer. For the case of Century 
mine the aim was to monitor the deep seated failure. Surface displacement was monitored via radar and 
prisms.  

Mendecki et al. (2010) suggest that an underground mine should install a microseismic system to monitor 
seismicity with the following objectives in mind: 

 Rescue: detect and locate potentially damaging seismic events with the aim to assist in rescue 
operations. 

 Prevention: the continuous input of seismic parameters to confirm and correct assumptions made 
in the design of the mine. 

 Seismic hazard rating: to quantify the seismic hazard for use in mitigating seismic risk. 

 Alerts: to detect strong changes in seismic spatial and temporal behaviour that might indicate 
rock mass instability. 

 Back analysis: to improve the understanding of the rock mass behaviour with the aim of 
optimising both the design and monitoring system. 

In underground mines all of these objectives are critical to ensure a safe mining environment. However, in 
the case of open pit mines some of these objectives are less important. For our study the main aim was the 
understanding and prevention of deep seated failure. Hence the rescue and seismic hazard rating 
objectives added no value in mitigating the risk on site. The main aims were the back-analyses and 
prevention objectives, with the alerts of a possible spin-off from the system but which is mostly covered by 
the installation of a radar and prism system. 
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Therefore, the aim was to get as much data as possible, within moderate time frames. There was not much 
need for knowing the location and source parameters of events within a few minutes or hours. The time 
intervals at which seismic events needed to be processed, in this case, seemed to be for a few weeks to 
months. For other mine sites this might differ, it depends on the specific needs and other ongoing 
monitoring data available. 

In hindsight, we suggest the approach presented in Figure 11 for the processing of seismic data in the open 
pit environment. The trigger data for the seismic data is considered to be the indicator of unusual spatial 
temporal behaviour. Although events are not located in the pit environment, seismic networks are very 
sensitive and events are small and therefore, it is a safe to assume the events would be located in the 
vicinity of the seismic network. For such a setup, the trigger rate would act as an indication of seismic 
activity and the number of triggers an indicator of event size. When predefined thresholds are exceeded, 
other monitoring data is investigated (radar and prisms) and the seismic data is processed, if required, and 
fed back into the decision-making loop. Decisions are then made based on the data available to the user. If 
no trigger levels are exceeded, or such trigger exceedance is understood (rainfall etc.), then the data is 
processed on a monthly basis and fed back into the back analysis and prevention design loop for 
optimisation of the design and system. 

 

Figure 11 Task action response plan for the processing of seismic data in an open pit mine scenario 

The main objective of the system is to get as much data as possible for the least amount of money and 
time. The approach shown in Figure 11 gives one the best chances to achieve such outcomes. When also 
considering the costs involved, running multiple approaches, as discussed in Section 4, will be more 
expensive. Using only triggers has no costs involved, as this is automated, and then paying for processing 
time every month would be much less per event than for real-time processing. 

In Table 1 is a summary of the costs involved for the different processing approaches. As can be seen, the 
continuous data option is on day-to-day cost comparative to other options (keep in mind Group A is based 
on a special research price, but is usually more expensive). With regards to cost per event the continuous 
option is much cheaper. Therefore, it is safe to assume that the continuous data option would be the 
cheapest option overall. 
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Table 1 A summary of the costs involved for each group used for data processing 

Group Number 
of events 

Days of 
processing 

Total 
cost 

Normalised 
cost per event 

Normalised 
cost per day 

Model used Comments 

A 1,966 821 1.38 4.36 1.00 Real-time 
processing 

Special 
research 

price 

B 1,329 66 1.00 4.65 8.99 Real-time 
improved with 

continuous 

Full price 

C 1,594 66 N/A N/A N/A Real-time 
improved with 

continuous 

Internal 
company 

processing 

D 6,191 117 1.00 1.00 5.07 Continuous Full price 

5.2 Seismic system design 

The design of a microseismic system for an open pit mine depends on several considerations. These 
considerations would be based on the rock mass properties, stress state, accessibility and event 
magnitudes under consideration. For an open pit, these considerations will differ from what is traditionally 
considered for underground mines. The following is a discussion on the differences and considerations 
taken for the pit design at Century mine. 

From a rock mass perspective, several parameters are different to what is seen in underground mines. For 
Century mine the S-wave velocity was found to be ~2,000 m/s and the P-wave velocity as 3,600 m/s, which 
is significantly lower than is seen in underground mines. Another significant difference is the attenuation of 
waves through the rock mass, from this study it seems to be much lower than is generally seen for 
underground mines. The stress conditions are also much less in this environment, which leads to event 
frequencies being much lower than one would expect for the underground environment. All these factors 
must be considered when designing for slope monitoring in an open pit mine. For this paper four main 
considerations are discussed, which were all considered when designing the microseismic system. 

Firstly, designing the best possible 3D configuration for optimal source locations is more difficult in the 
open pit environment. The sensors can only be installed in an almost planar array, as accessibility is limited 
by the slope. For Century directional holes were drilled at an expensive cost to get the best possible array. 
This cost made up the biggest part of the system installation costs. It is unlikely that one would be able to 
install a better system configuration, yet one still had to use the P-wave directional data for each sensor to 
ensure the event was located correctly.  

The second consideration is the robustness of the system. In the case of Century, two sensors were 
installed at each station for redundancy. However, when some of the sensors went offline we could not 
switch to the backup geophones. In fact, as the cable was damaged, the redundancy could not be realised. 
As the diameter of the hole represents a major constraint for the number of instruments that can be 
installed, a better idea would have been to reduce the spacing between instruments to 50 m rather than 
100. This would have improved the sensitivity of the array at the same cost. 

The third consideration is the attenuation effect for such a shallow system. For Century mine the 
lamination of the rock mass was considered in processing on several occasions. However, no reliable way 
could be found to incorporate this into the velocity model. The microseismic network at Century mine was 
based on what was previously done by Wesseloo and Sweby (2008). Based on their work, and the findings 
from the Century data, it seems the attenuation can be successfully described using methodology proposed 
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by Hardy Jr et al. (1988). They proposed the attenuation effect can be described effectively through the 
following equation: 

 Range = -0.8Frequency + Cattenuation  (1) 

where: 

Range is the distance to the fourth sensor. 

Frequency refers to the corner frequency of the event. 

Cattenuation is a constant describing the attenuation effect (4,000 for open pit slopes, 30,000 for 
underground hard rock mines). 

For underground mines Cattenuation is found to be ~30,000, while in the case of Century this value is closer to 
4,000. In Figure 12 the application of Hardy Jr et al. (1988) is illustrated. Assuming the solution is universally 
similar for most open pit slope environments, this equation can be used as a rough estimate for planning 
future microseismic systems. 

  

Figure 12 The application of Hardy Jr et al. (1988) for the Century Group C dataset 

The last consideration is the choice of sensors used for recording the seismic events. As previously 
discussed, the events in this environment have much lower frequencies due to the rock mass and stress 
conditions. For Century mine the static stress drop is ~1-2 KPa which is in line with what was previously 
seen from other open pit slope monitoring data. Trifu et al. (2005) found static stress drop values at Mount 
Keith open pit mine to be less than 10 KPa. In a typical underground mine, the static stress drop values 
range from 100 KPa to a few MPa. It is this property which partly drives the lower than expected 
frequencies seen for open pit mines. 

This knowledge was one of the main driving forces for Century mine deciding on installing a combination of 
4.5, 14 and 28 Hz sensors. Figure 13 is an illustration of how these frequency ranges compare to the 
recorded events. The shaded area shows the frequency domain in which the events would have been 
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effectively recorded (Mw ranges from -3.4 to -0.2). The upper and lower frequency boundaries are based 
on guidelines from Mendecki (1997). Their findings show events would only be effectively recorded if their 
frequencies are between two times the lower frequency (for Century 4.5 Hz) and the upper frequency (for 
Century 2,000 Hz) divided by five. These boundaries are illustrated by the horizontal dashed lines. The 
vertical dashed lines indicate the seismic moment based on the accepted frequency ranges. Events in the 
circle are therefore outside of these ranges and therefore their source parameters cannot be trusted. The 
diagonal lines indicate the static stress drop values based on an S-wave velocity of 2,000 m/s and a Brune 
k-value of 1.88. 

 

Figure 13 Effect of sensor frequency ranges on the ability to record data accurately. The greyed out area 

indicates which events could be effectively recorded by the system installed, events outside of 

this area (circled area) could not be accurately recorded, and any source parameter specific 

analysis cannot be trusted. The diagonally coloured lines indicate the static stress drop; values 

for these lines are in the legend 

Based on the knowledge gained from the Century project and work from Mendecki (1997), Hardy Jr et al. 
(1988), Trifu et al. (2005) and Wesseloo and Sweby (2008), the chart shown in Figure 14 is proposed for use 
in designing microseismic systems for slope monitoring in the open pit environment. The design chart is 
based on the following parameters: 

 Static stress drop = 1 KPa. 

 Brune k-value = 1.88. 

 S-wave velocity of 2,500 m/s. 

The design chart in Figure 14 can then be used to determine what the rough ranges are for the system 
based on the monitoring needs. The chart has several details of importance. The diagonal lines indicate the 
static stress drop lines, the meaning of the colours are shown by the marker style to the right of the chart. 
The black diagonal line on the chart at the right bottom, is based on the Hardy Jr et al. (1988) work as was 
discussed before, and it is an indication of the microseismic system density. The range indicates the 
distance to the fourth sensor of the array.  
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Figure 14 Illustration of how to use the design chart to determine the density and frequency range for 

the microseismic network. The dashed blue lines is used to describe the upper magnitude 

limit’s properties, while the solid orange lines show the lower magnitude properties 

For this design, the aim is to record magnitudes -3 to 0. To record a magnitude 0 event (illustrated by the 
solid orange line), a lower frequency of 4.5 Hz is required. This frequency is determined by vertically 
drawing a line downwards from magnitude 0, where it intersects the relevant static stress drop line it is 
connected horizontally to the lower frequency value. The frequency values on the left axis are the lower 
ranges of the most common sensors used in the industry. The lower frequency ranges determine the upper 
magnitude ranges one can record. For the lower magnitude (-3) the dashed blue line is used to indicate 
which upper frequency range will be required (right axis). In this instance, sensors with an upper frequency 
of 2,000 Hz are required. The network density can be found by looking at where the dashed blue and solid 
orange lines intersect the black line. For the magnitude 0, the fourth furthest sensor to the event should 
not be more than ~1,200 m from it. For the magnitude -3, this value is closer to 80 m. 

The design chart in Figure 14 is meant to be used as a rough estimation of the seismic network properties. 
It aims to be a guideline for those engineers who do not have the background or experience in microseismic 
monitoring but need to design such a system. The microseismic system can be optimised when events start 
to be recorded. 

6 Conclusion 

Based on the evidence of the Century project, some guidelines for microseismic monitoring in open pit 
mines can be constructed as follows: 

 Traditional triggered mode monitoring is not adequate to fully understand the development of a 
failure and the behaviour of the rock mass at depth for an unstable slope; continuous data should 
be recorded, at least for a reasonable time period at the beginning of the installation, in order to 
set the optimum STA/LTA ratio. 

 Continuous data equates to more sensors, on average, per event than for real-time monitoring. 
This means better source locations and parameters. 

 Inclusion of the sensor orientation is not negotiable; this is particular evident when only a few 
sensors are used and the array becomes roughly planar. 
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 Instead of using two sensors every 100 m, it is strongly recommended to locate a sensor every 
50 m. This would improve the sensitivity or the array. In case of shearing along the borehole case, 
more sensors for each station do not guarantee a backup. 

 Ray tracing and open pit geometry effect can help to further constrain the location accuracy. 

 The use of the design methodology, we propose, can be used to design microseismic systems in 
the open pit environment before knowing the seismic properties of the environment. 

 When events are found outside, what is considered good frequency ranges, those events will have 
source parameters which are not accurate. 
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