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ABSTRACT 

The risk associated with mining induced seismicity and the related rock bursts has become one of the major 

threats to the safety and sustainability of mining at the Kiirunavaara mine. The causes of mining induced 

seismicity at the Kiirunavaara mine are very complex and have affected our understanding on the source 

mechanisms of seismicity and further the mitigation of the seismic risk. 

Detailed analysis of historical mining induced seismicity at the Kiirunavaara mine was conducted. The 

focus of this analysis was placed on the classification of large seismic events and the evaluation of the 

influential factors on the classified seismic events. 145 events with local magnitude larger than 1.5 that 

occurred between January 1, 2011 and March 31, 2021 were analyzed. For this analysis, seismic events 

located in the hanging wall were not included, as these have not been observed to cause large damages to 

the mine itself. It was found that the magnitude of the events had good correlation with the stress change in 

relation to the production location. The seismic events were classified as mining-front associated, ore-pass 

associated, mining-front and ore-pass associated and others, according to their hypocenter location. Most of 

the mining-front associated events, concentrated around the production levels and slightly above and below 

them, generally correlated with shear cracks, and most of them occurred when the ore flow between two 

production levels started. The numerical modelling showed that slip of the geological discontinuity, due to 

unclamping between hanging wall and footwall, could be the major causative mechanisms, which further 

supports this finding. The ore-pass associated events are located close to the ore passes. Large seismic 

events located between ore passes have the source mechanism of both fault-slip and non-shear, but events 

located at the outer side of ore passes were all fault-slip type. By checking with the ore pass scanning data, 

it was concluded that the most of the events located between ore passes could be pillar bursts. An elastic 

core concept has been then used to define a critical pillar width. 

The paper is not intended to be prescriptive but rather to initiate discussion of the possible classification 

of seismic events at the Kiirunavaara mine and to present new perspectives of the causes of the seismicity 

for improving the present seismic risk management. 

INTRODUCTION 

As mining progresses to greater depth, stresses in the rock mass also increase. This usually results in an 

increase in the amount and magnitude of seismic events, which are hazardous to both personnel in the mine 

and the mine infrastructure. In the Kiirunavaara mine, several studies have already been conducted in order 

to understand the seismic sources and mitigate the seismic risks in the mine. 

Nordström et al. (2017) analyzed 46 seismic events with moment magnitude between -1.2 and 2.1, 

between 2008 and 2013, at mining levels between 850 and 1350 meters, in Block 33/34, which is one of the 

most seismically active areas in the Kiirunavaara mine. The results showed 90% of the events were located 

in the footwall, close to the ore contact. The seismic events’ source mechanisms were classified as either 

shear/fault-slip or non-shear based on the Es/Ep ratio (> 10 or < 10). Out of 46 events, 31 events were 

classified as shear/fault-slip events which were concentrated mostly around the production levels and 

slightly below them. The work only investigated seismic events in a specified area and the events were not 

classified according to their locations. 

Dineva and Boskovic (2017) further studied seismic events in three blocks 15/16, 28/30 and 33-37/34 in 

the Kiirunavaara mine in the time period 2008 – 2016 to identify some trends in seismicity. They found that 
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the distributions of the cumulative seismic energy and the static stress drop showed a maximum around and 

below the production; the comparison of the graphs for different phases showed that in many cases the 

seismic activity (number of events) was the largest for the opening phase (cases B28-964, B30-1022, B30-

1051, B34-1022). In Block 15/16, the seismic activity in the period was the lowest with maximum 

magnitude of the seismic events decreasing slightly with time. The number of events per year was larger in 

Block 28/30 with a varying maximum magnitude. The seismic activity in Block 33-37/34 was much higher 

than the other blocks, but there is not any significant change in the maximum magnitude. 

A seismic event occurred on January 30, 2019, close to the 1120 meters level, resulted in severe 

damages in the rock mass between ore passes 341 and 342. The local magnitude of the seismic event was 

2.2 and the ES/EP ratio was 3.1. According to the analysis by Malmgren (2019), this event could be 

identified as a pillar burst and hence the pillar width was investigated as a critical factor. It was 

recommended that the pillar between two ore passes should not be narrower than around 23 meters, if the 

two ore passes are located on the same side of the access drift. If they are located on different sides of the 

access drift, the recommended narrowest pillar width was set to 40 meters. 

The largest seismic event so far, with a local magnitude of 3.24 (moment magnitude 4.2±0.2 (Boskovic 

et al., 2020)), took place in the morning on the May 18, 2020, primarily in Block 22 (Taaveniku et al., 

2020). This seismic event resulted in severe damage on several production levels. Investigations of the 

seismic event concluded that a combination of several different factors may have caused the seismic event. 

The event seems to be connected to a pillar burst in a narrow pillar between two ore passes, in a highly 

stressed area with complex geology. Additionally, longitudinal production drifts were used and there was 

an elevation difference between Block 22 and the neighboring blocks (Boskovic et al., 2020; Taaveniku et 

al., 2020). 

The causes of mining induced seismicity at the Kiirunavaara mine are very complex, due to complex 

ore body geometry, mining sequences, infrastructures, geological and stress conditions, etc. These have 

affected our understanding on the source mechanisms of seismicity and further the mitigation of the seismic 

risk. To better manage the seismic risk in the future, it was decided to classify the events for exploring the 

causes of mining induced seismicity at the Kiirunavaara mine and further evaluate its influential factors in 

this paper. 

THE KIIRUNAVAARA MINE AND ITS SEISMICITY 

Operated by the government owned company LKAB, the Kiirunavaara mine is located in the northern part 

of Sweden, Lapland, close to a town called Kiruna. Several ore bodies are known in the area, but presently 

only the Kiirunavaara ore body is mined. The ore is primarily consisting of massive, rich magnetite 

surrounded by metaryhodacite and metatrachyandesite, see Figure 1. The ore body strikes roughly south-

north and dips to the east, towards the town of Kiruna. It is around 80 meters wide in average, four 

kilometers long and extends at least two kilometers in depth. Several major discontinuities are known in the 

area. Many seems to have the same orientation as the ore body, but some cross through it (Björnell et al., 

2015). The southern part of lake Luossajärvi has been emptied to allow for mining beneath it. This is not 

shown in the map. That part in the mine is called Sjömalmen, translated as the Lake Ore. 

 



 3 

 
Figure 1 Geological map of the central Kiruna area. Names refer to major ore bodies (Bergman et al., 2001). 

The Kiirunavaara mine is an underground iron ore mine. Today, mining is conducted using the sublevel 

caving mining method. The interval between the sublevels are 29 meters. On each sublevel, crosscuts or ore 

drifts are driven from the footwall drifts. In most cases, these ore drifts are transverse, but in some cases, 

where the ore body is narrow, longitudinal ore drifts have been used. When the ore is blasted, it is mucked 

out with a Load-Haul-Dump (LHD) loader, and then dumped into an ore pass, connecting the sublevel to a 

main haulage level, where the ore is transported by driverless trains to primary crushers. The crushed ore is 

then hoisted to the ground surface for sorting, concentrating, and pelletizing (LKAB, 2021). 

The mine is divided into 10 production blocks, according to their Y-coordinate in the mine’s coordinate 

system. Today, the main haulage level is located at the 1365 meters level, see Figure 2. 

 

 
Figure 2 (a) Vertical cross section of the Kiirunavaara mine, with the current main haulage level, at 1365 

meters, marked in red (from LKAB (2021)). (b) Sketch of the orebody and mine layout with production blocks 

and associated ore pass groups numbered based on their Y coordinate (from LKAB, modified by Vatcher et al., 

2016). 

While sublevel caving is a highly productive mining method, the subsidence caused by it, has proved to 

be difficult to handle. The town of Kiruna, located on the hanging wall side of the mine, will have to be 
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moved to allow for continued mining. Furthermore, the mining method has also resulted in seismic events 

that have grown both more common and also larger in the last decade. Some of the large seismic events 

have resulted in severe damages in the mine, most commonly close to ore passes or on production levels. 

DATA AND METHODOLOGY 

Data 

Seismic events with a local magnitude, ML ≥ 1.5 in the time period from January 1, 2011 to March 31, 

2021, located within the ore body or in the footwall were used for analyses. In total, there are 145 seismic 

events. Many of the large seismic events were located in the hanging wall, but they were related to the 

caving of the hanging wall, and as such, did not pose a significant hazard to either personnel or 

infrastructure and hence they were excluded from the analysis. The local magnitude in the Kiirunavaara 

mine is calculated with Eq. 1 (Svartsjaern and Eitzenberger, 2017). Details concerning the seismic event 

parameters can be found in ISS International (2006). 

 
𝑀𝐿 = 0.392 ∙ log(𝑃𝑜𝑡𝑒𝑛𝑐𝑦 [𝑚3]) + 0.272 ∙ log(𝑆𝑒𝑖𝑠𝑚𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 [𝐽]) − 0.523 (𝐸𝑞. 1) 

 

Ortlepp (1992) proposed a simplified basis for differentiating the seismic events including strain 

bursting, buckling, face crush, shear rupture and fault-slip in terms of essential nature and seismic 

magnitude. To exclude the small events, such as strain bursting and buckling, only the events with local 

magnitude ML ≥ 1.5 were analyzed. 

Software 

For analysis, the software mXrap, GironPlot and Microstation were used. 

mXrap is a software platform that provides geotechnical engineers with data analysis, monitoring and 

investigation tools (mXrap, 2021). The ES/EP ratio from mXrap is used for analysis of the seismic source 

mechanisms of the selected events. The reliability of the ES/EP ratio have been debated. For analysis of 

individual seismic events, it seems it cannot be really trusted, but on populations it may have relevance 

(Morkel et al., 2019). Due to the uncertainties of the reliability, only two different failure mechanisms are 

used, ES/EP <10, for non-shear seismic events and ES/EP ≥10 for shear or fault-slip seismic events 

(Nordström et al., 2017). 

GironPlot is an application developed internally by LKAB. It is used for monitoring production related 

information. In GironPlot it is noted where a blast fan connects to the caved rock two levels above. This is 

of relevance to the mining method, and it is used for analysis of the simplified mining front in this paper. 

Bentley’s Microstation is a CAD software platform, used both for 2D and 3D design. It is used 

extensively by mine planning, geologists, and the rock mechanics departments. In this report, the software 

is used in the analysis of the simplified mining front. 

Normalized vertical distance to production level 

Since the mining induced stresses at a given location are highly dependent on the vertical distance to the 

production level, this vertical distance from the production level to the hypocenter of seismic events is an 

important factor to consider. In this paper, the vertical distance is measured to the lowest level with active 

production and represented in a normalized parameter. This parameter is called “Normalized relative 

vertical distance to production level” and defined in Eq. 2, e.g., if a seismic event occurs at production 

level, the value is zero, which is represented with the orange star in Figure 3. 

 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙 =
𝐿𝑒𝑣𝑒𝑙 𝑐𝑙𝑜𝑠𝑒 𝑡𝑜 𝑎 𝑠𝑒𝑖𝑠𝑚𝑖𝑐 𝑒𝑣𝑒𝑛𝑡 −  𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙

𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑢𝑏𝑙𝑒𝑣𝑒𝑙
(𝐸𝑞. 2) 
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Figure 3 Illustration of the “Normalized relative vertical distance to production level”. Level 0 represents the 

lowest level with active production in this vertical cross-section. The orange star represents a seismic event at 

this level (modified from Krekula, 2017). 

Simplified mining front 

In the sublevel caving mining method, holes are drilled in the ore drifts’ roofs, in a fan shape, see Figure 4. 

These are usually referred to as rings. Many production blasts are conducted to mine out the ore in a level. 

To simplify the mining progress, three stages were defined (Shekhar et al., 2017). 

• Stage I: The sublevel is opened by blasting the opening rings. As the ore is mucked out, the 

hanging wall caves. When the mining front progresses, the stresses in the ore body are 

redistributed, with a stress increase, until mining reaches the zone called “Rasinbrott”. 

• Stage II: When the mining reaches the zone “Rasinbrott”, the mining connects to the caved rock 

from the hanging wall. Thus, stresses are reduced on this level. This stage is also often called 

the full production phase. 

• Stage III: The last rings on the sublevel are drilled outside the ore body boundary and this stage 

is related to the closing of the sublevel. The stresses are likely to be even further reduced during 

this stage, but in some cases the stresses can also increase, due to proximity to ore passes. 

 

 
Figure 4 Side view of a transverse production drift and a typical ring at the Kiirunavaara mine (modified from 

Shekhar et al., 2017). 
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RESULTS AND ANALYSIS 

Location and magnitude of seismic events 

In the last 10 years, most of the mining front in the Kiirunavaara mine have been at a depth of around 800 – 

1,200 meters, see Figure 5. In the same time period, most of the large seismic events were located at 

roughly the same depth, see Figure 6. This seems to suggest that there is a correlation between the depth of 

the mining front and the large seismic events, but as there are some events located much deeper or 

shallower than the mining front, there are other parameters that also influence the occurrence of large 

seismic events in the mine. 

From Figure 6, it is noted that there might be a transition depth at around 900 m in the mine, below 

which there seems to be a significant change of seismicity, as seismic events with magnitude larger than 1.6 

occur more frequently and the largest magnitude is abruptly increasing. 

 

 
Figure 5 Location of mining front from January 1, 2011 to March 31, 2021. The red stars mark production 

blasts during the time period, from mXrap. 

 
Figure 6 Depth of large seismic events in the period from January 1, 2011 to March 31, 2021. 

Distribution of seismic events related to the normalized distance to production 

The normalized relative vertical distance to production level, was used to analyze all large seismic events in 

the time period. The distribution of seismic events in relation to the normalized distance to production level 

is plotted in Figure 7. It can be seen that most of the seismic events were located close to the production 

level. Below the production level, the number of seismic events decreases and then reaches another peak at 

4 levels below the production level. 
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Figure 7 Number of seismic events, ML≥1.5 in the period from January 1, 2011 to March 31, 2021. 

The distribution of the event’s local magnitude in relation to the normalized distance to production level 

is plotted in Figure 8. There seems to be a trend in the plot, with larger local magnitude at a normalized 

vertical distance to production level from -1 to 5. This trend is marked with the black line. Some of the bars 

in the diagram, for example when the normalized distance is 6, are not considered representative of the 

local magnitude, due to the low number of seismic events. The average magnitude increases with 

normalized distance to production level and reaches the peak value when it is 3 levels below the 

production. After that, it starts to decrease. 

 

 
Figure 8 Local magnitude of seismic events, ML≥1.5 in the period from January 1, 2011 to March 31, 2021, 

related to the normalized relative vertical distance to production level in mXrap. 

Classification of seismic events 

Based on the literature review and data analysis, it was found that most of the seismic events at 

Kiirunavaara mine were located either quite close to the production level or the ore pass groups. Therefore, 

the classification was made based on the distance from the hypocenter of a seismic event to the production 

level or the ore pass center by the time the event occurred. 

If a seismic event was located around the production levels or slightly above or below them, i.e. (-1, 1) 

according to the normalized distance to production level, it was classified as a mining-front associated 

seismic event. If an event was located within five times the diameter of the ore pass, it was classified as an 

ore-pass associated seismic event. The ore passes were scanned using an irregular schedule, where some 

have been scanned several times, while some have not been scanned at all. Due to the uncertainty of the ore 

pass diameter, we used five to multiply the actual diameter if it was known, or original if there were no 

scans. The ore-pass associated seismic events were located in the footwall and most of them were very 

close to an ore pass. A few events were located close to both the production and ore passes and hence they 

were classified as mining front and ore-pass associated events. The remaining events did not belong to any 
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group discussed above and they were classified as “others”. In the end, all of the collected events were 

classified as mining-front associated, ore-pass associated, mining-front and ore-pass associated, as well as 

others. The number of seismic events by classification as well as by year can be seen in Figure 9. 

It is noted that both the mining-front and the ore-pass associated seismic events are relatively constant 

over the years, although 2015 stands out. Note that the seismic events in 2021 are not considered for this, as 

this only covers part of the year 2021 (the time period from January 1, 2021 to March 31, 2021). The 

number of seismic events classified as others shows more variation. 

 

 
Figure 9 Number of seismic events in the Kiirunavaara mine by classification (a) and by year (b). 

Taking into consideration the classification of the seismic events, the distribution of the event’s local 

magnitude in relation to the normalized distance to production level is plotted in Figure 10. A trend with 

slight increase of the local magnitude can be seen in the plot over the mining-front associated seismic 

events, but no clear trend can be seen for the ore-pass associated events. Additionally, the ore-pass 

associated events have much larger magnitude than that for the mining-front associated events and they 

could occur at quite deep location far away from the production. 

 

 
Figure 10 Local magnitude related to normalized relative vertical distance to production level for mining-front 

(a) and ore-pass associated seismic events (b). 

Due to limited space, the focus of this paper is placed on the mining-front and ore-pass associated events 

in the following sections. 

Mining-front associated events 

Sixty-two seismic events classified as being associated with the mining front, ±1 level from the production 

were then further analyzed according to the mining stages defined by the simplified mining front. The 

number of seismic events occurred at different stages are: 

 

• Stage I: 41 

• Stage II: 13 

• Stage III: 8 

 

Most of the seismic events occurred when mining started in Stage I. The seismic parameters for the 

events occurred at different stages were further investigated and the results are plotted in Figure 11. The 

seismic events occurred in Stage I typically have the largest local magnitude, seismic moment, total 

radiated energy, potency, and displacement.  
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Figure 11 Seismic parameters in relation to the mining stages defined by the simplified mining front. 

Ore-pass associated seismic events 

The ore passes in the Kiirunavaara mine were initially raise bored to a diameter of 3.0 meters, but due to 

high in-situ stresses, pre-existing geological structures, wearing and impact of the dumped ore, they often 

sustained damage, and the diameter of the ore pass increased substantially. To monitor the ore pass 

damage, the ore passes were scanned following an irregular schedule. Some have been scanned several 

times, as they have been deemed to be problematic, while some have not been scanned at all. The most 

recent scanned ore pass geometry was used to calculate the distance to the hypocenter of a seismic event. In 

total, 35 seismic events in the time period from January 1, 2011 to March 31, 2021 were classified as ore-

pass associated. 

Within and outside ore pass groups 

In the Kiirunavaara mine ore passes connecting from mining sub-levels to main haulage level are divided 

into ore pass groups. Each group consists of one to four ore passes. Between the ore passes in each group 

the distance is typically around 30 meters. This rock mass forms rock pillars between ore passes. If a 

seismic event is located between two ore passes in an ore pass group, it is further classified as a pillar burst, 

see Figure 12. If a seismic event is not located between two ore passes, it is classified as a non-pillar burst, 

see Figure 13. 
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Figure 12 View of large seismic events located within ore pass groups in the Kiirunavaara mine in mXrap (The 

vertical or inclined black lines indicate ore pass location. The thin blue lines indicate main haulage levels. The 

horizontal or inclined brown lines indicate other infrastructure). 

 

 

Figure 13 View of large seismic events located outside ore pass groups in the Kiirunavaara mine in mXrap (The 

vertical or inclined black lines indicate ore pass location. The thin blue lines indicate main haulage levels. The 

horizontal or inclined brown lines indicate other infrastructure). 

Twenty-seven ore-pass associated seismic events were classified as pillar bursts. Twelve of them has an 

ES/EP ratio ≥10 and 15 has an ES/EP ratio <10. The eight seismic events that are classified as non-pillar 

bursts all have an ES/EP ratio ≥10, indicating they are fault-slip type events. These generally display a larger 

local magnitude, seismic moment, total radiated energy, potency and displacement, see Figure 14. 

 



 11 

 
Figure 14 Seismic parameters of ore-pass associated seismic events. 

Effect of pillar width 

Based on the multiple scans conducted in several ore passes (Mitta Oy, 2017), it is possible to measure the 

change of the pillar width for pillar burst events. The relationship between the events magnitude and the 

corresponding pillar width between two orepasses is plotted in Figure 15, divided by production block. In 

the cases where the pillar width was not known, the seismic event was not used in the plot. 

 

 
Figure 15 Relationship between local magnitude of pillar burst events and pillar width between two ore passes. 

From Figure 15, it is observed that the seismic events with highest local magnitude generally are located 

in Block 34. When checking the relationship between the event’s local magnitude and pillar width 

highlighted with an orange line, it seems that larger magnitude of seismic events in Block 34 are located at 

pillar width around 17±3 m. 

The same relationship cannot be seen with the seismic events in Block 26, which is also a seismically 

active area. There seems to be almost no correlation between pillar width and local magnitude, represented 

by a blue line. It can also be argued as there is not enough data in Block 26 to establish a clear relationship. 

Further data collection is needed to confirm this relationship. 

It can also be seen that the number of ore-pass associated seismic events in Block 30 is considerably 

lower than that in the neighboring Blocks 26 and 34. The local magnitude is also considerably lower. This 

could be explained by a clay zone crossing through Block 30, which reduces the stress concentration and 

later number of seismic events in Block 30. Due to the existing of the clay zone in Block 30, this could 

cause stress redistribution and concentrations in the neighboring blocks, and this might explain the large 

number of large seismic events in Block 26 and 34, along with high local magnitude. As there is less 
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production in Block 22 in the past years, there are less seismic activities close to the ore pass group in 

Block 22. In Block 38, the production have also been lower, and there is a clay zone present as well, so this 

might be an explanation to the low number of seismic events occurring in the block. 

DISCUSSION AND CONCLUSIONS 

To understand the source mechanisms of the seismicity and further the mitigation of the seismic risk, 

detailed analysis of historical mining induced seismicity at Kiirunavaara mine was conducted. Events with 

local magnitude larger than 1.5 that occurred between January 1, 2011 and March 31, 2021 were analyzed. 

Evolution of the seismicity 

Based on the data analysis, it is found that there is a transition depth around 900 m at the mine in terms of 

the seismicity intensity and occurrence frequency. Below the transition depth, seismic events with 

magnitude larger than 1.6 occur more frequently and the largest magnitude is abruptly increasing. It 

indicates that mining-induced disturbance below 900 m might have caused stresses to reach and/or exceed 

the strength of the rock mass and discontinuities. 

By using the normalized relative vertical distance to production level, it is clear to see that most of the 

seismic events are located close to the production level. Below the production level, the number of seismic 

events decreases but another peak at 4 levels below the production level appears. The magnitude of the 

seismic events increases with normalized distance to production level and reaches the peak value when it is 

3 levels below the production. The major and minor principal stresses at 20 m far away from the footwall-

ore boundary at different levels were obtained from a 2D numerical model (Svartsjaern, 2017) and they are 

plotted in Figure 16. As can be seen from the figure, the distribution of the major principal stress in relation 

to the normalized distance to production level from the numerical model shows similar trend as the 

magnitude in Figure 8. This partly explains how mining-induced stress change affects the seismicity 

intensity. 

 

 
Figure 16 Relationship between stress magnitude and normalized distance to production level from a 2D 

numerical model (Svartsjaern, 2017). 

It is worth to note the uncertainties of the exact location of a fault slip seismic event. As the slip area of a 

fault slip and the magnitude of a seismic event are related to each other, a high magnitude, fault slip seismic 

event can cover more than one level. Thus, the distance between the hypocenter and the actual level could 

be somewhat unclear. 

When mining progresses deeper, more and more events occur around the ore passes at certain distance 

away to the production level. Additionally, more events classified as others occur which might involve 

even complex mechanisms and needs to be further investigated. All of these concludes that the evolution of 

seismicity at Kiirunavaara mine is becoming more complex and the events occurrence becomes random in 

space and time and sensitive to external disturbance. 

Characteristics of mining-front associated seismic events 

By classifying the seismic events as mining-front associated events, the purpose is to understand their 

characteristics, source mechanism and then to investigate how to lower the magnitude of the events by 

optimizing the mining sequence. 
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For mining-front associated seismic events, it was found that generally there are some spatial relationship 

evidences between mining activity and seismic activity. The local magnitude of mining-front associated 

events is slightly increasing with increased distance from 1 level above the production level to 1 level 

below the production level. In addition, most of them occurred when mining started in Stage I. The seismic 

events associated with Stage I typically have the largest local magnitude, seismic moment, total radiated 

energy, potency and displacement. This is probably due to the convergence between hangingwall and 

footwall and further the stress relaxation on geological structures close to the footwall-ore contact when 

mining approaches to the caved zone (Swedish term Rasinbrott). 

This was further examined by studying the response of a discontinuity located 20 m far away to the 

footwall-ore contact during mining at different levels and stages by using a developed 3DEC model (Zhang 

et al., 2021). The numerical results suggested that slip of the geological discontinuity was triggered mostly 

by the unloading, i.e. decrease of the apparent normal stress and further the shear strength on the 

discontinuity due to mining induced stress change. When mining-induced unloading, created by mining one 

or a few stopes, influences a nearby pre-existing geological discontinuity orientated parallel to the orebody 

strike, unclamping occurs. If sufficient reduction in the normal stress acting across the discontinuity occurs, 

such that it is reduced below a certain threshold level, slip along the discontinuity occurs. It is inspiring to 

learn that this unclamping explanation for the Kiirunavaara mine is also supported by Castro et al. (2009) 

when they investigated the causative mechanisms for induced fault slip on key geological structures at the 

Garson mine in Canada. 

Seismic data analysis and numerical analyses have clearly demonstrated that mining should be carefully 

conducted at each sub-level when the ore in Stage I is extracted, i.e. the production blasting ring touches 

the upper level. Mining in Stage I normally causes large convergence between the hanging wall and 

footwall and hence large unclamping on the discontinuity in the footwall. Therefore, the strategy of the 

draw control at the production level should be established and followed to manage the convergence. 

Characteristics of ore-pass associated seismic events 

By classifying the seismic events as ore-pass associated events, the purpose is to understand their 

characteristics, source mechanism and then to investigate how to monitor the ore pass behavior and how to 

manage the seismicity around the ore pass group. 

In total, there are 35 ore-pass associated seismic events. There is no clear trend between the event 

magnitude and the event location in relation to the production level. Additionally, the ore-pass associated 

events have much larger magnitude than that for the mining-front associated events and they could occur at 

quite deep location far away from the production. 

27 out of 35 events were classified as pillar bursts and 8 events were classified as non-pillar bursts. It is 

noted that all non-pillar bursts have an ES/EP ratio ≥10, indicating they are fault-slip type events. For the 

pillar burst events, it is a mixture of non-shear and shear/fault-slip events according to the ES/EP ratio. For 

pillar burst events, the seismic parameters in each block show difference due to different rock mass 

properties, geological conditions and stress conditions. When checking the relationship between the events 

magnitude and pillar width in Block 34, it was found that larger magnitude of seismic events in Block 34 

are located at pillar width around 17±3 m. It indicates that there might be a critical pillar width around 17±3 

m. This is in coincidence with the conclusion drawn by Malmgren (2019) from the numerical analyses 

when a pillar burst was investigated. It was recommended that the pillar between two ore passes should not 

be narrower than around 23 meters, if the two ore passes are located on the same side of the access drift. 

Seismic data analysis and numerical analyses have clearly demonstrated that ore-pass associated events 

are sensitive to mining-induced disturbance as ore passes are under highly stressed condition. Pillar width 

seems an important parameter to study and it also plays a critical role in terms of the seimicity intensity. 

Monitoring the orepass profile and damage would be very helpful to predict future potential large 

magnitude seismic events. 
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