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Abstract 

The Kiirunavaara Mine in the north of Sweden turned seismically active with large damaging 
events in 2007. Therefore, a mine-wide seismic system was installed in 2008 and has been 
continuously expanding since then. A large portion of the recorded seismic events with ML җ -1.5 
in the footwall (61%) is related to the ore passes. Even though the majority of these events are 
ƻǊŜ Ǉŀǎǎ άƴƻƛǎŜέ όŜǾŜƴǘǎ ƻǊƛƎƛƴŀǘŜŘ ōȅ ƛƳǇŀŎǘǎ ƻŦ ŦŀƭƭƛƴƎ ƻǊŜ ƻƴ ǘƘŜ ƻǊŜ Ǉŀǎǎ ǿŀƭƭǎύΣ ǘƘŜ ƻǊŜ Ǉŀǎǎ-
related events (OPE) represent a problem to the estimation of the seismic hazard in the mine. 
The largest recorded event (Mw 4.2) could be classified as OPE. For that reason, it is necessary to 
systematically investigate the ore pass-related seismicity (OPS), and how this phenomenon 
evolved in space and time.  
 
The ore pass layout in the mine is unique as the 3-m wide ore passes are organized in groups of 
four, relatively close to each other, which is not a commonly used design. This proximity results 
in highly stressed pillars between them, which contributes to a fast deterioration of the ore pass 
walls. This process leads to an increased stress redistribution and seismicity in the pillars 
resulting in many large seismic events.  
 
The spatial distribution of the source parameters, as energy index, apparent stress, cumulative 
moment, cumulative energy, cumulative displacement, cumulative apparent volume of the OPE 
with ML җ -1.5 within a zone of 30 metres from the centre of the ore passes was analysed. The 
focal mechanism types and direction of the pressure axes were used to separate ore pass noise 
(-1.р Җ aL Җ -0.5) from the genuine seismic events (ML > -0.5). The mechanism of the smaller OPE 
was tensile-type, with subvertical orientation of the pressure axes, whereas the larger OPE was 
compressive failure, with almost horizontal pressure axes. Large OPE (ML җ мΦрύ ǿŜǊŜ ǊŜƎƛǎǘŜǊŜŘ 
only around the studied southern ore pass groups (OP groups 26, OP 30, and OP 34), however 
their occurrence starts from OP 22 (not studied). The correlation between the volume of mucked 
material (M), the number of seismic events (N), and the released energy (E) was studied for 
different periods and for different ore pass groups. In general, there is a good correlation 
between N and M for the smaller OPE, and a poor correlation for the larger OPE. For the released 
energy, the results are similar. This confirms that the smaller OPE are ore pass noise due to the 
impacts of the mucked material on the ore pass walls, whereas the larger OPE, more random in 
time, could be related to fracturing in the rock mass.  
 
The results of this work should confer a better understanding of the ore pass-related seismicity 
at Kiirunavaara Mine, contributing to a more effective management of the seismic hazard, and 
providing knowledge that can help the classification of the ore pass-related events by using their 
magnitudes and types of mechanism to separate OPE and non-OPE. Consequently, the seismic 
hazard can be estimated for ore pass and non-ore pass-related events, separately, providing an 
opportunity for further geomechanical analyses to consider different triggering factors 
associated with varying event magnitudes, due to either different production scenarios or 
different depths. 
 
Moreover, the correlation observed between volume of mucked material and number of seismic 
events offers valuable insights for production strategies aimed at seismic management. 
 
Keywords: ore pass, mining-induced seismicity, OPS, OPE, ore pass noise, focal mechanisms, 
source parameters, seismic hazard  
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with -мΦр Җ aL < -0.5. Right column: seismic events with ML җ -0.5. 100 

Figure 63. Grid-based analysis showing planes containing the ore passes (parallel). 
Spatial distribution of the b-value for ore pass groups in Blocks 12, 15, 26, 30, and 34. 
Left column: seismic events with ML җ -1.5. Middle column: seismic events with -мΦр Җ 
ML < -0.5. Right column: seismic events with ML җ -0.5. 101 

Figure 64. Vertical section view of the area in the mine between levels 1022 and 1365 
m, looking east. Stars represent production blasts and spheres represent the 
hypocentres of the OPE which occurred between January and June 2022, around ore 
passes 341, 342, 343, and 344 (Block 34). Ore passes 341 and 342 had no production 
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during the period and are compared to ore passes 343 (no production) and 344 (545 
kt). 

Figure 65. Principal axes density plots (pressure axes) of the ore pass-related events 
ς Lower hemisphere and equal angle. a) Scenario with no production in ore passes 
341 and 342. For events with ML Җ -0.5, the direction of the pressure axes is mostly 
horizontal. b) Scenario with no production in ore passes 341 and 342. For events with 
ML > -0.5, there is no change in the direction of the P-axes, which remain horizontal. 
c) Scenario involving production in ore passes 343 and 344. For events with ML Җ -0.5 
(ore pass noise), the direction of the P-axes is vertical. d) Scenario involving 
production in ore passes 343 and 344. For events with ML > -0.5, the direction of the 
P-axes is horizontal. The period analysed is January 2022 to June 2022. 102 

Figure 66. Hudson diagrams showing the types of mechanism of the ore pass-related 
events. a) Scenario with no production in ore passes 341 and 342. For events with ML 
Җ -0.5, no tensile failures. b) Scenario with no production in ore passes 341 and 342. 
For events with ML > -0.5, the mechanism is compressive failure. c) Scenario involving 
production in ore passes 343 and 344. For events with ML Җ -0.5, tensile failures are 
predominant. d) Scenario involving production in ore passes 343 and 344. For events 
with ML > -0.5, the mechanism is compressive failure. The period analysed is January 
2022 to June 2022. 103 

Figure 67. Frequency-Magnitude (Gutenberg-Richter) charts. Northern ore pass 
groups. Left column: seismic events with ML җ -1.5. Right column: seismic events with 
-мΦр Җ aL < -0.5. a) and b) OP group 08; c) and d) OP group 10; e) and f) OP group 12; 
g) and h) OP group 15. 104 

Figure 68. Frequency-Magnitude (Gutenberg-Richter) charts. Southern ore pass 
groups. Left column: seismic events with ML җ -1.5. Right column: seismic events with 
-мΦр Җ aL < -0.5. a) and b) OP group 26; c) and d) OP group 30; e) and f) OP group 34. 105 

Figure 69. Frequency-Magnitude charts showing the b-value calculated for the ore 
pass groups 12 (a, b, c ς Z1; g, h, i ς Z2) and 34 (d, e, f ς Z1; j, l, m ς Z2). Left column: 
seismic events with ML җ -1.5. Middle column: seismic events with -мΦр Җ aL < -0.5. 
Right column: seismic events with ML җ -0.5. 106 

Figure 70. Frequency-Magnitude (Gutenberg-Richter) charts for the ore pass-related 
events. a) and b) Scenario with no production in ore passes 341 and 342. c) and d) 
Scenario involving production in ore passes 343 and 344. In both scenarios, it is noted 
that the b-value for the smaller events (ML < -0.5, right column) is higher; the left 
column corresponds to all OPE. In the scenario that involves production (c and d), b-
value is at least three times higher. The period analysed is from January to June, 2022. 107 

Figure 71. a) Vertical section view, looking east, of the ore passes with the 
superimposed surveys of the scanned ore passes in the area between levels 740 and 
1365 m. b) Detailed view of the area between Y = 3300 m and Y = 3500 m (Block 34), 
and levels 1022 and 1365 m. Blue lines represent part of the mine infrastructure. 
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Locations of ore-pass related events with ML ² 1.5 are represented by the spheres. 

Figure 72. Numbers of the rehabilitated ore passes at Kiruna Mine per year. Each 
colour represents one ore pass, specified in the bar. Information provided by LKAB. 111 

Figure 73. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 10. Production in ore passes 101 and 102 is 
represented by the blue and orange bars, respectively, whereas seismicity is all events 
with ML җ -1.5, represented by the green line. 111 

Figure 74. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 10. a) Production in ore pass 101. b) Production 
in ore pass 102. Seismicity is the events with -мΦр Җ aL < -0.5 (smaller events), 
represented by the green lines. 112 

Figure 75. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 10. a) Production in ore pass 101. b) Production 
in ore pass 102. Seismicity is the events with ML җ -0.5 (larger events), represented by 
the green lines. 112 

Figure 76. Mucking (M) versus number of events (N) at ore pass group 10. a) and c) 
Seismic events with -мΦр Җ aL < -0.5. b) and d) seismic events with ML җ -0.5. 113 

Figure 77. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 12. Production in ore passes 121, 122, 123, and 
124 is represented by the blue, orange, grey, and yellow bars, respectively, whereas 
seismicity is all events with ML җ -1.5, represented by the green line. 113 

Figure 78. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 12. a) Production in ore passes 121 and 122. b) 
Production in ore passes 123 and 124. Seismicity is the events with -мΦр Җ aL < -0.5 
(smaller events), represented by the green lines. 113 

Figure 79. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 12. a) Production in ore passes 121 and 122. b) 
Production in ore passes 123 and 124. Seismicity is the events with ML җ -0.5 (larger 
events), represented by the green lines. 114 

Figure 80. Mucking (M) versus number of events (N) at ore pass group 12. a) and c) 
Seismic events with -мΦр Җ aL < -0.5. b) and d) seismic events with ML җ -0.5. 114 

Figure 81. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 15. Production in ore passes 151, 152, 153, and 
154 is represented by the blue, orange, grey, and yellow bars, respectively, whereas 
seismicity is all events with ML җ -1.5, represented by the green line. A period of no 
production as well as rehabilitation of OP 153 is represented by the grey rectangle 
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filled with green. 

Figure 82. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 15. a) Production in ore passes 151 and 152. b) 
Production in ore passes 153 and 154. Seismicity is the events with -мΦр Җ aL < -0.5 
(smaller events), represented by the green lines. A period of no production as well as 
rehabilitation of OP 153 is represented by the grey rectangle filled with green. 115 

Figure 83. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 15. a) Production in ore passes 151 and 152. b) 
Production in ore passes 153 and 154. Seismicity is the events with ML җ -0.5 (larger 
events), represented by the green lines. A period of no production as well as 
rehabilitation of OP 153 is represented by the grey rectangle filled with green. 115 

Figure 84. Mucking (M) versus number of events (N) at ore pass group 15. a) and c) 
Seismic events with -мΦр Җ aL < -0.5. b) and d) seismic events with ML җ -0.5. 116 

Figure 85. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 26.  Production in ore passes 261, 262, 263, and 
264 is represented by the blue, orange, grey, and yellow bars, respectively. a) 
Seismicity is all events with ML җ -1.5, represented by the green line. b) Seismicity is 
restricted to the large ore pass-related events, represented by the red dots. Periods 
of no production as well as rehabilitation of OP 261 and OP 264 are represented by 
the blue and yellow rectangles, respectively, filled with green. 116 

Figure 86. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 26. a) Production in ore passes 261 and 262. b) 
Production in ore passes 263 and 264. Seismicity is the events with -мΦр Җ aL < -0.5 
(smaller events), represented by the green lines. Periods of no production as well as 
rehabilitation of OP 261 and OP 264 are represented by the blue and yellow 
rectangles, respectively, filled with green. 117 

Figure 87. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 26. a) Production in ore passes 261 and 262. b) 
Production in ore passes 263 and 264. Seismicity is the events with ML җ -0.5 (larger 
events), represented by the green lines. Periods of no production as well as 
rehabilitation of OP 261 and OP 264 are represented by the blue and yellow 
rectangles, respectively, filled with green. 117 

Figure 88. Mucking (M) versus number of events (N) at ore pass group 26. a) and c) 
Seismic events with -мΦр Җ aL < -0.5. b) and d) seismic events with ML җ -0.5. 118 

Figure 89. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 30.  Production in ore passes 301, 302, 303, and 
304 is represented by the blue, orange, grey, and yellow bars, respectively. a) 
Seismicity is all events with ML җ -1.5, represented by the green line. b) Seismicity is 
restricted to the large ore pass-related events, represented by the red dots. Periods 
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of no production as well as rehabilitation of OP 301, OP 302, OP 303, and OP 304 are 
represented by the blue, orange, grey, and yellow rectangles, respectively, filled with 
green. 

Figure 90. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 30. a) Production in ore passes 301 and 302. b) 
Production in ore passes 303 and 304. Seismicity is the events with -мΦр Җ aL < -0.5 
(smaller events), represented by the green lines. Periods of no production as well as 
rehabilitation of OP 301, OP 302, OP 303, and OP 304 are represented by the blue, 
orange, grey, and yellow rectangles, respectively, filled with green. 119 

Figure 91. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 30. a) Production in ore passes 301 and 302. b) 
Production in ore passes 303 and 304. Seismicity is the events with ML җ -0.5 (larger 
events), represented by the green lines. Periods of no production as well as 
rehabilitation of OP 301, OP 302, OP 303, and OP 304 are represented by the blue, 
orange, grey, and yellow rectangles, respectively, filled with green. 119 

Figure 92. Mucking (M) versus number of events (N) at ore pass group 30. a) and c) 
Seismic events with -мΦр Җ aL < -0.5. b) and d) seismic events with ML җ -0.5. 120 

Figure 93. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 34.  Production in ore passes 341, 342, 343, and 
344 is represented by the blue, orange, grey, and yellow bars, respectively. a) 
Seismicity is all events with ML җ -1.5, represented by the green line. b) Seismicity is 
restricted to the large ore pass-related events, represented by the red dots. Periods 
of no production as well as rehabilitation of OP 341, OP 342, OP 343, and OP 344 are 
represented by the blue, orange, grey, and yellow rectangles, respectively, filled with 
green. Rectangles filled with grey represent rock-filled ore passes. 120 

Figure 94. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 34. a) Production in ore passes 341 and 342. b) 
Production in ore passes 343 and 344. Seismicity is the events with -мΦр Җ aL < -0.5 
(smaller events), represented by the green lines. Periods of no production as well as 
rehabilitation of OP 341, OP 342, OP 343, and OP 344 are represented by the blue, 
orange, grey, and yellow rectangles, respectively, filled with green. Rectangles filled 
with grey represent rock-filled ore passes. 121 

Figure 95. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 34. a) Production in ore passes 341 and 342. b) 
Production in ore passes 343 and 344. Seismicity is the events with ML җ -0.5 (larger 
events), represented by the green lines. Periods of no production as well as 
rehabilitation of OP 341, OP 342, OP 343, and OP 344 are represented by the blue, 
orange, grey, and yellow rectangles, respectively, filled with green. Rectangles filled 
with grey represent rock-filled ore passes. 121 
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Figure 96. Mucking (M) versus number of events (N) at ore pass group 34. a) and c) 
Seismic events with -мΦр Җ aL < -0.5. b) and d) seismic events with ML җ -0.5. 122 

Figure 97. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 34. a) Production in ore passes 341 and 342; 
periods 1 and 2 were selected to check the R-squared. b) Production in ore passes 343 
and 344; periods 1, 2, 3, and 4 were selected to check the R-squared. Seismicity is the 
events with -мΦр Җ aL < -0.5 (smaller events), represented by the green lines. Periods 
of no production as well as rehabilitation of OP 341, OP 342, OP 343, and OP 344 are 
represented by the blue, orange, grey, and yellow rectangles, respectively, filled with 
green. Rectangles filled with grey represent rock-filled ore passes. 122 

Figure 98. Monthly distribution of volume mucked (kt) and seismicity (number of 
events) over time at ore pass group 34. a) Production in ore passes 341 and 342. b) 
Production in ore passes 343 and 344. Seismicity is the events with ML җ -0.5 (larger 
events), represented by the green lines. Periods of no production as well as 
rehabilitation of OP 341, OP 342, OP 343, and OP 344 are represented by the blue, 
orange, grey, and yellow rectangles, respectively, filled with green. Rectangles filled 
with grey represent rock-filled ore passes. 123 

Figure 99. Mucking (M) versus number of events (N) at ore pass group 34 for specifics 
periods of time. a) and c) Seismic events with -мΦр Җ aL < -0.5. b) and d) seismic events 
with ML җ -0.5. 123 

Figure 100. Monthly distribution of the ratios N/M of the northern ore pass groups 
(08, 10, 12, and 15). a) Ratios involving the smaller events (-мΦр Җ aL < -0.5). b) Ratios 
involving the larger events (ML җ -0.5). 124 

Figure 101. Monthly distribution of the ratios N/M of the southern ore pass groups 
(26, 30, and 34). a) Ratios involving the smaller events (-мΦр Җ aL < -0.5). b) Ratios 
involving the larger events (ML җ -0.5). The large seismic events (right Y-axis) are 
represented by dots. 124 

Figure 102. Total ratios N/M for all ore pass groups studied. a) Ratios involving the 
smaller events (-мΦр Җ aL < -0.5). b) Ratios involving the larger events (ML җ -0.5). 125 

Figure 103. Spatial distribution of the large OPE (ML җ мΦрύ ƛƴ ŀ ǾŜǊǘƛŎŀƭ ǎŜŎǘƛƻƴ ƻŦ ǘƘŜ 
southern part of the mine, between levels 1022 and 1365 m. a) B26 ore pass group (8 
large events). b) B30 ore pass group (3 large events). c) B34 ore pass group (8 large 
events). 125 

Figure 104. Pressure Axes Density plots (lower hemisphere and equal angle) and 
Hudson diagrams for a) to f) Events with ML җ мΦрΦ Ǝύ ǘƻ ƭύ [ŀǊƎŜǎǘ ƻǊŜ Ǉŀǎǎ-related 
seismic events recorded (B26: ML 2.1; B30: ML 2.06; B34: ML 2.24). 126 

Figure 105. Monthly distribution of volume mucked (kt) and the number of large ore 
pass-related events seismicity over time. a) Ore pass group 26. b) Ore pass group 30. 
c) Ore pass group 34. The large events correspond to the right Y-axis and are 

126 



19  

represented by the red dots. Periods of no production as well as rehabilitation of OP 
1, OP 2, OP 3, and OP 4 of each OP group are represented by the blue, orange, grey, 
and yellow rectangles, respectively, filled with green. Rectangles filled with grey 
represent rock-filled ore passes. 

Figure 106. Monthly distribution of volume mucked (kt) and radiated seismic energy 
(J) over time at ore pass group 12. Production in ore passes 121, 122, 123, and 124 is 
represented by the blue, orange, grey, and yellow bars, respectively, whereas seismic 
energy of the events with ML җ -1.5, is represented by the light blue area. 127 

Figure 107. Monthly distribution of volume mucked (kt) and radiated seismic energy 
(J) over time at ore pass group 12. a) Production in ore passes 121 and 122. b) 
Production in ore passes 123 and 124. Seismic energy of the events with -мΦр Җ aL < -
0.5 (smaller events) is represented by the light blue area. 127 

Figure 108. Monthly distribution of volume mucked (kt) and radiated seismic energy 
(J) over time at ore pass group 12. a) Production in ore passes 121 and 122. b) 
Production in ore passes 123 and 124. Seismic energy of the events with ML җ -0.5 
(larger events) is represented by the light blue area. 127 

Figure 109. Seismic energy (E) versus mucking (M) at ore pass group 12. a) and c) 
Seismic events with -мΦр Җ aL < -0.5. b) and d) seismic events with ML җ -0.5. 128 

Figure 110. Monthly distribution of volume mucked (kt) and radiated seismic energy 
(J) over time at ore pass group 34. Production in ore passes 341, 342, 343, and 344 is 
represented by the blue, orange, grey, and yellow bars, respectively, whereas seismic 
energy of the events with ML җ -1.5, is represented by the light blue area. 128 

Figure 111. Monthly distribution of volume mucked (kt) and radiated seismic energy 
(J) over time at ore pass group 34. a) Production in ore passes 341 and 342. b) 
Production in ore passes 343 and 344. Seismic energy of the events with -мΦр Җ aL < -
0.5 (smaller events) is represented by the light blue area. 129 

Figure 112. Monthly distribution of volume mucked (kt) and radiated seismic energy 
(J) over time at ore pass group 34. a) Production in ore passes 341 and 342. b) 
Production in ore passes 343 and 344. Seismic energy of the events with ML җ -0.5 
(larger events) is represented by the light blue area. 129 

Figure 113. Seismic energy (E) versus mucking (M) at ore pass group 34. a) and c) 
Seismic events with -мΦр Җ aL < -0.5. b) and d) seismic events with ML җ -0.5. 130 

Figure 114. Monthly distribution of volume mucked (kt) and radiated seismic energy 
(J) over time at ore pass group 34. a) Production in ore passes 341 and 342; periods 1 
and 2 were selected to check the effects on R-squared. b) Production in ore passes 
343 and 344; periods 1, 2, 3, and 4 were selected to check the effects on R-squared. 
Seismic energy of the events with -мΦр Җ aL < -0.5 (smaller events) is represented by 
the light blue area. Periods of no production as well as rehabilitation of OP 341, OP 
342, OP 343, and OP 344 are represented by the blue, orange, grey, and yellow 
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rectangles, respectively, filled with green. Rectangles filled with grey represent rock-
filled ore passes. 

Figure 115. Monthly distribution of volume mucked (kt) and radiated seismic energy 
(J) over time at ore pass group 34. a) Production in ore passes 341 and 342; periods 1 
and 2 were selected to check the effects on R-squared. b) Production in ore passes 
343 and 344; periods 1, 2, 3, and 4 were selected to check the effects on R-squared. 
Seismic energy of the events with ML җ -0.5 (larger events) is represented by the light 
blue area. Periods of no production as well as rehabilitation of OP 341, OP 342, OP 
343, and OP 344 are represented by the blue, orange, grey, and yellow rectangles, 
respectively, filled with green. Rectangles filled with grey represent rock-filled ore 
passes. 131 

Figure 116. Seismic energy (E) versus mucking (M) at ore pass group 34. a) and c) 
Seismic events with -мΦр Җ aL < -0.5. b) and d) seismic events with ML җ -0.5. 131 

Figure 117. Monthly distribution of the ratio E/M for ore pass group 10. a) Ratios 
involving the smaller events (-мΦр Җ aL < -0.5). b) Ratios involving the larger events 
(ML җ -0.5). 132 

Figure 118. Monthly distribution of the ratio E/M for ore pass group 12. a) Ratios 
involving the smaller events (-мΦр Җ aL < -0.5). b) Ratios involving the larger events 
(ML җ -0.5). 132 

Figure 119. Monthly distribution of the ratio E/M for ore pass group 12 without the 
seismic event with ML 1.12 (outlier). a) Ratios involving the smaller events (-мΦр Җ aL 
< -0.5). b) Ratios involving the larger events (ML җ -0.5). 132 

Figure 120. Monthly distribution of the ratio E/M for ore pass group 34. a) Ratios 
involving the smaller events (-мΦр Җ aL < -0.5). b) Ratios involving the larger events 
(ML җ -0.5). The large seismic events (right Y-axis) are represented by the red dots. 133 

Figure 121. Total ratios E/M for all ore pass groups studied. a) Ratios involving the 
smaller events (-мΦр Җ aL < -0.5). b) Ratios involving the larger events (ML җ -0.5). c) 
Ratios involving the larger events (ML > -0.5) without the outlier. 133 

Figure 122. Table of correlations between N and M given by the R-squared. моп 

Figure 123. Table of correlations between E and M given by the R-squared. моп 

Figure 124. Orientations of the absolute stress sigma 1 (green), P-axis of the large OPE 
in OP group 26 (grey), OP group 30 (red), and OP group 34 (blue). Equal area 
projection, lower hemisphere. Stereonet generated on Visible Geology, © 2023 
Seequent. мпм 

Figure 125. Grid-based analysis of seismic event density on planes perpendicular to 
the ore passes (Z1 = -1100 m). Spatial distribution of the average apparent stress for 
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ore pass groups in Blocks 12, 15, 26, 30, and 34. Left column: seismic events with ML 
җ -1.5. Middle column: seismic events with -мΦр Җ aL < -0.5. Right column: seismic 
events with ML җ -0.5. 

Figure 126. Grid-based analysis of the average energy index on planes perpendicular 
to the ore passes (Z1 = -1100 m). Spatial distribution for ore pass groups in Blocks 12, 
15, 26, 30, and 34. Left column: seismic events with ML җ -1.5. Middle column: seismic 
events with -мΦр Җ aL < -0.5. Right column: seismic events with ML җ -0.5. 151 

Figure 127. Grid-based analysis of the cumulative apparent volume on planes 
perpendicular to the ore passes (Z1 = -1100 m). Spatial distribution for ore pass groups 
in Blocks 12, 15, 26, 30, and 34. Left column: seismic events with ML җ -1.5. Middle 
column: seismic events with -мΦр Җ aL < -0.5. Right column: seismic events with ML җ 
-0.5. 152 

Figure 128. Grid-based analysis of the cumulative displacement on planes 
perpendicular to the ore passes (Z1 = -1100 m). Spatial distribution for ore pass groups 
in Blocks 12, 15, 26, 30, and 34. Left column: seismic events with ML җ -1.5. Middle 
column: seismic events with -мΦр Җ aL < -0.5. Right column: seismic events with ML җ 
-0.5. 153 

Figure 129. Grid-based analysis of the cumulative moment on planes perpendicular 
to the ore passes (Z1 = -1100 m). Spatial distribution for ore pass groups in Blocks 12, 
15, 26, 30, and 34. Left column: seismic events with ML җ -1.5. Middle column: seismic 
events with -мΦр Җ aL < -0.5. Right column: seismic events with ML җ -0.5. 154 

Figure 130. Grid-based analysis of the cumulative energy on planes perpendicular to 
the ore passes (Z1 = -1100 m). Spatial distribution for ore pass groups in Blocks 12, 
15, 26, 30, and 34. Left column: seismic events with ML җ -1.5. Middle column: seismic 
events with -мΦр Җ aL < -0.5. Right column: seismic events with ML җ -0.5. 155 

Figure 131. Grid-based analysis of the b-value on planes perpendicular to the ore 
passes (Z1 = -1100 m). Spatial distribution for ore pass groups in Blocks 12, 15, 26, 30, 
and 34. Left column: seismic events with ML җ -1.5. Middle column: seismic events 
with -мΦр Җ aL < -0.5. Right column: seismic events with ML җ -0.5. 156 

Figure 132. Grid-based analysis of seismic event density on planes perpendicular to 
the ore passes (Z2 = -1300 m). Spatial distribution of the average apparent stress for 
ore pass groups in Blocks 12, 15, 26, 30, and 34. Left column: seismic events with ML 
җ -1.5. Middle column: seismic events with -мΦр Җ aL < -0.5. Right column: seismic 
events with ML җ -0.5. 157 

Figure 133. Grid-based analysis of the average energy index on planes perpendicular 
to the ore passes (Z2 = -1300 m). Spatial distribution for ore pass groups in Blocks 12, 
15, 26, 30, and 34. Left column: seismic events with ML җ -1.5. Middle column: seismic 
events with -мΦр Җ aL < -0.5. Right column: seismic events with ML җ -0.5. 158 
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Figure 134. Grid-based analysis of the cumulative apparent volume on planes 
perpendicular to the ore passes (Z2 = -1300 m). Spatial distribution for ore pass groups 
in Blocks 12, 15, 26, 30, and 34. Left column: seismic events with ML җ -1.5. Middle 
column: seismic events with -мΦр Җ aL < -0.5. Right column: seismic events with ML җ 
-0.5. 159 

Figure 135. Grid-based analysis of the cumulative displacement on planes 
perpendicular to the ore passes (Z2 = -1300 m). Spatial distribution for ore pass groups 
in Blocks 12, 15, 26, 30, and 34. Left column: seismic events with ML җ -1.5. Middle 
column: seismic events with -мΦр Җ aL < -0.5. Right column: seismic events with ML җ 
-0.5. 160 

Figure 136. Grid-based analysis of the cumulative moment on planes perpendicular 
to the ore passes (Z2 = -1300 m). Spatial distribution for ore pass groups in Blocks 12, 
15, 26, 30, and 34. Left column: seismic events with ML җ -1.5. Middle column: seismic 
events with -мΦр Җ aL < -0.5. Right column: seismic events with ML җ -0.5. 161 

Figure 137. Grid-based analysis of the cumulative energy on planes perpendicular to 
the ore passes (Z2 = -1300 m). Spatial distribution for ore pass groups in Blocks 12, 
15, 26, 30, and 34. Left column: seismic events with ML җ -1.5. Middle column: seismic 
events with -мΦр Җ aL < -0.5. Right column: seismic events with ML җ -0.5. 162 
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1 Introduction 

The Kiirunavaara Mine turned seismically active with large damaging events in 2007. Therefore, 
a mine wide seismic system was installed in 2008. In November of the same year,  a seismic event 
with magnitude ML 1.7 was recorded in Block 34. Since then, the seismic system has been 
continuously expanding. 
 
A large portion of the seismic events recorded is related to the ore passes, as well as the largest 
one on May 18, 2020 (MW 4.2). Even though the vast majority of these events are ore pass 
άƴƻƛǎŜέ όŜǾŜƴǘǎ originated by the falling, broken ore hitting the ore pass walls), the larger events 
(ML > -0.5) in the ore pass groups, usually crush-type, represent a potential problem for the 
estimation of the seismic hazard in the mine, especially the potentially damaging ones (ML җ мΦрύΦ 
These crush-type events are related to fracturing processes such as pillar bursts around the ore 
passes and, together with geological and rock mechanical knowledge, can help to monitor ore 
pass growth. It is then comprehensible the necessity to systematically investigate the ore pass-
related seismicity (OPS), and how it evolves in space and time. 
 

1.1 Problem description 

Seismic activity in mines, as stated by Mendecki (2016), is correlated with natural factors such 
as virgin rock stresses, mechanical strength, and the degree of homogeneity of the rock mass. In 
addition, factors related to mining, such as the extraction ratio, extent of the mined-out area, 
rate and sequence of extraction relative to large scale structures, and adjacent mining, can 
intensify the seismic rock mass response to mining. 
 
According to Mendecki (2016), while the smaller seismic events are highly correlated in space 
and time with mining, the spatial distribution of larger events is influenced not only by the 
current mining layout but also by past mining activities and geological structures, influenced by 
the mining. Additionally, the temporal distribution of larger events is more random than that of 
smaller events, meaning that while mining activities are more likely to trigger smaller seismic 
events, the occurrence of larger events is influenced by other factors as well. 
 
The ore pass layout at Kiirunavaara Mine is unique, since having ore passes close to each other 
is not a commonly used design. This proximity results in highly stressed pillars between the ore 
passes, which in combination with other factors contribute to a relatively fast deterioration of 
this infrastructure, forcing the company to spend time and resources on ore pass rehabilitation. 
The deterioration of the ore passes leads to ore pass growth, which causes even more stress 
redistribution in the pillars, making the rock mass to be more susceptible to the occurrence of 
seismic events. Besides these factors, inhomogeneities and structures in the rock mass could 
also reveal to be a trigger for the increasing seismicity around the ore passes. 
 
In this work, the ore pass-related seismicity (OPS), e.g. the seismic response to the material flow 
in the ore passes in combination with the seismic activity in the highly stressed pillars between 
them, is described. At Kiirunavaara Mine, the ore passes are responsible for 61% of the seismic 
events with ML җ -1.5 in the footwall. From the total number of ore pass-related events (OPE), 
99% are smaller events with local magnitudes from -1.5 to -0.5, which mostly corresponds to ore 
Ǉŀǎǎ άƴƻƛǎŜέ ŘǳŜ ǘƻ ƳŀǘŜǊƛŀl impacts on the ore pass walls. In comparison, from the remaining 
39%, footwall non-ore pass events, 95% are smaller events with local magnitudes from -1.5 to -
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0.5. In terms of seismic hazard, this is of concern due to the difference in the volume between 
each player in question: i) the ore pass zone (with a length of approximately 300 m and a radius 
of up to 30 metres from the ore pass centre) and ii) the entire footwall. When comparing these 
two volumes of the rock mass, it is clear that a higher number of the seismic events occurs in a 
much smaller portion of the rock mass. Besides, an underestimated seismic hazard may result in 
insufficient controls and an increased risk to the personnel (Woodward & Tierney, 2017). 
 
In the ore passes, the smaller events are mostly related to the mucking time, whereas the larger 
events are more random in time.  
 

1.2 Motivation, objectives, and limitations 

Even though damage in ore passes is a common phenomenon in underground mines that uses 
this infrastructure to transport ore, systematic investigations placing seismicity as one of the 
causes of the damage are relatively new. LKAB has identified an increase in the seismic activity 
around the ore passes through successive studies by different authors, such as Dineva & Boskovic 
(2017), Nordström et al. (2017), Nordström et al. (2019), Dahnér & Dineva (2020), and Ylmefors 
et al. (2022), which have raised a red flag to the mining operations since this increase in 
seismicity has the potential to jeopardize the ore transportation, and more importantly, the 
safety of the personnel. 
 
This thesis work aims to investigate through available data possible methodologies to 
understand and manage the OPS in the Kiirunavaara Mine. The investigation comprises: 
 

¶ The definition of the spatial and temporal characteristics of the OPE. 

¶ The correlation between the volume of mucked material in the ore passes and the 
number of seismic events (seismic response to material flow). 

¶ The possibility to separate different types of seismic events related to the ore passes 
(noise and genuine events), which can contribute to the total seismic hazard in the mine. 

 
Due to the complexity of the problem, it was decided that first, a review of previous studies 
should be done in order to develop a holistic understanding of  different potential causes for the 
seismicity related to the ore passes. 
 
From the results of this work, it was expected to have: 
 

¶ A methodology for data analysis to obtain a better picture of the OPS. 

¶ An estimation of the seismogenic zone around the ore passes. 

¶ ! ǇǊŜƭƛƳƛƴŀǊȅ ŘƛǎǘƛƴŎǘƛƻƴ ōŜǘǿŜŜƴ ƻǊŜ Ǉŀǎǎ άƴƻƛǎŜέ ŀƴŘ άƎŜƴǳƛƴŜέ ǎŜƛǎƳƛŎ ŜǾŜƴǘǎΦ 

¶ An understanding of the relationship between the volume of mucked material passing in 
the ore passes (M) and the number of seismic events (N) (the released seismic energy 
(E)). 

¶ The possibility to use the knowledge obtained from the characterization of the OPS for 
improving the seismic hazard estimations in the ore pass areas and in the mine. 

¶ Knowledge about the regions in the mine more prone to large OPE. 

 
The lack of publications on this specific subject represented an important limitation for this 
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study. Although some publications (Esmaieli (2010), Earl et al. (2015), Vieira & Durrheim, (2015), 
Hellberg & Perman (2021)) correlate seismicity to ore passes, they do not focus on investigating 
seismicity as being a result of seismic noise associated with tipping material into an ore pass but 
on seismicity being related to rock mechanical problems in pillars between ore passes that can 
cause pillar bursts.  
 

1.3 Research questions 

The main questions this study seeked to answer are: 
 

I. What are the characteristics of the OPS and possible criteria to distinguish ore pass 
άƴƻƛǎŜέ ŦǊƻƳ άƎŜƴǳƛƴŜέ ǎŜƛǎƳƛŎ ŜǾŜƴǘǎΚ 

II. Which seismic events (magnitude ranges and types of mechanism) should be included in 
the estimation of the seismic hazard in the ore pass areas? 

III. What is the spatial distribution of the seismic source parameters of the OPE? 
IV. How is the OPS affected by mucking (seismic response due to tipping materials onto the 

ore passes walls)? 
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2 Background on seismic source parameters and seismic hazard 

2.1 Seismic source parameters 

A seismic event, or seismic source, is defined as a volume of sudden inelastic strain in the rock 
(deviatoric and/or isotropic) that radiates seismic waves with velocity of deformation of at least 
a mm/s (Mendecki, 2013). Even though the methods for source parameter determination were 
developed for natural earthquakes, it is also possible to determine source parameters of mine 
tremors (Gibowicz & Kijko 1994). For mining events, the IMS Trace software can be used for 
calculation of hypocentre location and all other source parameters, including those specifically 
developed for mines (e.g., Es/Ep ratio, energy index, apparent volume) (Nordström et al., 2017). 
 

2.1.1 Basic and dynamic source parameters 

Basic source parameters 

Origin time, ὸ, location, (ὼȟώȟᾀ), seismic potency, ὖ, and radiated seismic energy, Ὁ, are four 
of the basic parameters of a seismic source. 
 
The source location is a point in space, (ὼȟώȟᾀ), where the seismic process was initiated. To 
locate a seismic event (to define the hypocentre location), the first arrivals of P- and/or S-waves, 
and/or S-P arrival differences, and/or azimuth, and/or directions can be used (Mendecki, 2013; 
Mendecki & Sciocatti, 1997). 
 
In mines, the source parameters can be derived from the seismograms recorded by a seismic 
system, using tools such as IMS Trace, which is a software developed by the Institute of Mine 
Seismology (IMS). It allows the picking of the body wave arrivals, either automatically or 
manually. The location is performed using apparent velocities (defined per sensor site ς triaxial 
or uniaxial sensors), absolute arrival times, or S-P time differences. 
 

Dynamic source parameters 

The dynamic source parameters define the size of the source, the strength, released energy, and 
stress. They can be divided into primary and secondary parameters. The primary parameters are 
calculated directly from the seismic waveforms, and the secondary parameters are calculated 
from the primary ones. 
  
The primary parameters are the seismic moment and potency, seismic energy, apparent stress, 
and stress drop. 
 

1. Seismic potency, is a measure of the size of the dislocation at the source and is defined 
by Mendecki (2016), following Ben-Menahem & Singh (1981) as: 

 
ὖ όὃ          (1) 

  
 where the potency ὖ  is in m3,  ό is the average slip, and ὃ is the source area in m2. 
 

For complex sources, the potency is the product of the source strain, ɝ‭, and the source 
volume, ὠ, defined by Madariaga (1979) as: 



30  

ὖ ῳ‭ὠ          (2) 
 

where ɝ‭ ɝ„Ⱦ‘, ɝ„ is the average stress drop, and ‘ is the rigidity of the rock mass 
surrounding the source. 

 
2. Released seismic energy. When a seismic event occurs, part of the accumulated strain 

energy is released as seismic energy. Gibowicz and Kijko (1994) state that the  seismic 
energy, Ὁ, is a measure of the strength of seismic events in mines. According to the 
authors, direct measurements of the body wave energy flux is a good way of estimating 
the energy. Boatwright and Fletcher (1984) derived a relation between the energy 
radiated in the P or S waves and the energy flux in the P- or S-wave arrivals. Since this 
relation neglected the effects of directivity, to minimize the errors the authors decided 
to average the estimates of the energy flux, which resulted in: 

 

Ὁ τ“”ὧ Ὂ
В

В
        (3) 

 
where Ὁ is the radiated seismic energy, in Joules, ” is the rock density, in kg/m3, ὧ is the 
wave velocity (VP or VS), in m/s, Ὑ is the distance from the seismic source to the sensor 
that recorded the seismic event, in m, ὐ is the integral of the square of the ground 
velocity, Ὂ is an empirical radiation pattern coefficient, and the summation index runs 
over the measurements of the energy flux at ὲ stations. 

 
3. Seismic moment, ὓ  (Kanamori, 1977), is an earthquake parameter that measures the 

overall deformation at the source.  
 
ὓ ‘ὈὛ.          (4) 

 
where ὓ  is the seismic moment in dyne centimetre (dyn-cm), ‘ is the rigidity, Ὀ is the 
average offset on the fault, and Ὓ is the area of the fault. 
 
Seismic moment can also be interpreted as the means of estimating accurately the 
energy released in great earthquakes through the difference in strain energy before and 
after an earthquake ς energy drop (ὡ). 
 
ὡ „ὈὛ          (5) 

 
Where „ is the average stress during the faulting. 
 
Seismic moment is measured either in dyn-cm or in N-m (in SI system), with 1 N-m = 107 

dyn-cm. 
 

4. Magnitude. There are many magnitude scales but all of them, to some extent, are related 
to the original (local) magnitude scale created by C. F. Richter, in 1935 - ML or ά . There 
are also other commonly used scales, such as Coda magnitude, ά , body wave 
magnitude, ά , broadband body-wave magnitude, ά , surface wave magnitude, ά , 
broadband surface-wave magnitude, ά , and moment magnitude, ά , (Havskov & 
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Ottemöller, 2010). In the mines, the most commonly used magnitudes are are the local 
magnitude and moment magnitude. The so-called Nuttli magnitude (Nuttli, 1973) is used 
in Canada. The magnitude in Kiirunavaara mine is called local magnitude as it was 
originally calibrated to match the magnitude scale in South Africa but it is determined 
from the seismic energy and seismic moment ς see (8). 
 
The Richter local magnitude of an event is defined as: 

 
ά ὰέὫὃὙ ὰέὫὃ Ὑ        (6) 

 
where ὃὙ is the maximum zero-to-peak horizontal amplitude measured, in mm, on a 
Wood-Anderson seismograph at epicentral distance Ὑ, and ὃ Ὑ is the reference 
maximum amplitude for the same distance. Often, the S-wave has the largest arrival in 
terms of amplitude, and thus the magnitude is determined from the maximum amplitude 
of the S-wave, corrected for the distance between the source and the receiver. 

 
The moment magnitude, ὓ  or ά , is the most frequently used magnitude scale, and is 
based on the seismic moment. It was first defined by Hanks & Kanamori (1979) as: 

 

ὓ ὰέὫὓ ρπȢχ        (7) 

 
where ὓ  is the moment measured in Nm. 
 
Mendecki (2016) argues that although the Hanks-Kanamori relation is consistent with the 
Gutenberg-Richter empirical relation and the surface-wave magnitude, ά , for 
intermediate and larger earthquakes, the common logarithm seismic potency (7), is a 
more appropriate measure of magnitude for the range of sizes of seismic events recorded 
in mines due to its simplicity and because it does not depend on rigidity. Still according 
to the author, using the moment or potency magnitude allows seismic hazard to be 
compared not only between different mines but also between different periods of time 
for a given mine. 
 
Based on the experience from mines in Australia and Canada, Hudyma (2008) described 
a comparative relation between the Richter magnitude scale and how seismic events are 
felt in a mine (Table 1). 
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Table 1. A qualitative relation between how an event feels in a mine and the Richter magnitude of the event. From 
Hudyma (2008). 

Seismic events in mines 

Richter Magnitude Qualitative description of the effects 

-3.0 

·        Small bangs or bumps felt nearby. Typically, only heard relatively close to the 
source of the event. 

·        This level of seismic noise is normal following development blasts in stressed 
ground. 

·        May be audible but vibration likely too small to be felt. 

·        Undetectable by a microseismic monitoring system. 

-2.0 

·        Significant ground shake. 

·        Felt as good thumps or rumbles. May be felt more remote from the source of 
the event (i.e., more than 100 m away). 

·        May be detectable by a microseismic monitoring system. 

-1.0 

·        Often felt by many workers throughout the mine. 

·        Major ground shaking. 

·        Similar vibration to a distant underground secondary blast. 

·        Should be detectable by a microseismic monitoring system. 

0.0 

·        Vibration felt and heard throughout the mine. 

·        Bump commonly felt on surface (hundreds of metres away), but not be audible 
on surface. 

·        Vibration felt on surface similar to those generated by a development round. 

1.0 

·        Felt and heard very clearly on the surface. 

·        Vibrations felt on the surface similar to a major production blast. 

·        Can be detected by regional seismological sensors located hundreds of 
kilometres away. 

2.0 ·        The vibration felt on the surface is greater than large production blasts. 

3.0 ·        The largest mining-induced seismic events recorded in Australia registered 
about Richter 3 to Richter 4. 

 

Swedish mines, including Kiirunavaara mine, use the IMS formula for the magnitude, 
calculated from the logarithms of the seismic moment and the seismic energy as: 

 
ὓ πȢσωςὰέὫὓ πȢςχςὰέὫὉ τȢφσ      (8) 

 
It was calibrated to give values equal to the local magnitude in South African mines 
(Nordström et al., 2017). 

 
5. The source radius, ὥ ς or R, or source size, for a circular fault can be calculated from the 

corner frequency (frequency at which the level has reached ρȾЍς πȢχπχ or σ Ὠὄ 
relative to the unfiltered part of the signal) of the spectra of P- or S-wave (Havskov & 
Ottemöller, 2010). Brune et al. (1979) defined the source radius : 

 

Ὑ           (9) 
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where Ὑ is the radius in m or km, the factor ὑ depends on the type of the spectrum and 
the theoretical model, ‡ is the velocity of the S-wave in m/s or km/s, and Æ is the corner 
frequency. For P-waves, Brune (1970) defined a ὑ-value of 0.37, and later 0.33 (Brune et 
al., 1979) whereas Hanks & Wyss (1972) found ὑ πȢφτ for S-waves. Madariaga (1976) 
found values of 0.21 and 0.33 for S- and P-waves, respectively. The radius can also be 
calculated from the corner frequency in the spectrum of P-waves, velocity of P-wave, ‡, 
and the corresponding constant ὑ . 
 

6. According to Stein & Wyssession (2003), the source dislocation, Ὀ, is the average slip on 
the fault area Ὓ, and is part of the static seismic moment equation (4), which offers the 
best measure of the earthquake size. 

 
In the case of a circular fault model for which R is the radius and Ὢ “, the source 
dislocation is expressed as: 

 

Ὀ           (10) 

  
 Where ὓ  is the seismic moment and ‘ is the rigidity. 
 

7. Stress drop, Ў„, is the magnitude of the stress released by an earthquake after a slip, Ὀ, 
that occurs along a fault with dimension ὒ. As the earthquake releases the strain 
accumulated, the radiated seismic waves are then used to estimate the stress change by 
assuming that the strain change is approximately (Stein & Wyssession, 2003): 

 

‐           (11) 

  
Where Ὀ is the average slip (source dislocation) along the fault with dimension ὒ. 
 
And the stress drop is an average over the fault, expressed as (Stein & Wyssession, 2003): 

 

Ў„ ‘           (12) 

 
Static stress drop is the difference between the average shear stress within the source 
before and after the event. It is a deformation weighted average of the spatially variable 
stress drop because the stress drop varies across the source (Mendecki, 2013).  
 
The static stress drop is calculated as (Eshelby, 1957): 

 

Ў„ ὓ ρπ         (13) 

 
where the radius, Ὑ, is in km, and ρπ  is a conversion factor.  
 
The static stress drop, for a circular fault with radius Ὑ, can be expressed as (Brune, 1970, 
1971): 

 



34  

Ў„ ὓ Ὑ          (14) 

 
 Stress drops vary considerably from event to event. In mines, they vary between 0.01 

and 10 MPa, similar to the ranges for natural earthquakes (Gibowicz & Kijko 1994). Brace 
& Byerlee (1966) found low stress drops for the Parkfield region and Imperial Valley 
shocks that suggested that the stress drop for these earthquakes was only a fraction of 
the total stress, as in the stick-slip faulting mechanism. It was corroborated by McGarr et 
al. (1975, 1979) and Spottiswoode & McGarr (1975) when they reported estimates of the 
estate of stress within the source region in South African gold mines. According to them, 
the estimates indicate that stress drops are also small fractions of the total shear stress 
that causes faulting. 

 
8. The apparent stress, „ (Pa = N/m2), is a measure of stress change at a seismic source, a 

product between the average acting stress and the seismic efficiency (Wyss & Brune 
1968). 

 

„ ‘
Ў

         (15) 

 
Where ʈ is the shear modulus of rigidity (N/m2), % is the radiated seismic energy (Joules 
= Nm), 0 is the seismic potency, Ў is the source strain, and 6 is the source volume. 
Seismic energy and potency can be related empirically as (Mendecki, 2013): 

 
ὰέὫὉ ὨὰέὫὖ ὧ         (16) 

 
and 

 

ρπὖ           (17) 

 
where Ὠ and ὧ are parameters related to the stiffness and the stress level of the system, 
respectively. For Ὠ ρ, the apparent stress is: 

 
„ ρπ          (18) 
 
The above relation means that the apparent stress or stress drop scaling is constant for 
Ὠ ρ and, according to Mendecki (2013), apparent stress is a more reliable measure of 
an average stress release at the source than the corner frequency cubed-dependent 
static stress drop, expressed as: 

 
ῳ‭ ὖὪ          (19) 

 
Mendecki (2013) argues that a low apparent stress event is characterized when the 
source of a seismic event is associated with a relatively weak fault or with a soft patch in 
the rock mass; it should yield slowly under lower differential stress, giving more inelastic 
deformation, a larger potency, and less seismic energy. On the other hand, a high 
apparent stress event is characterized by the opposite condition, when a source is 
associated with a strong fault or a hard patch in the rock mass. For the same moment or 
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potency events, apparent stress may vary by factor of 100 or more (Mendecki 1993, 
2013). The d-value in (16) and (17) tends to increase with the system stiffness. In Figure 
1, the ÌÏÇὉ versus ÌÏÇὖ plot for the stiff region of the plot (dashed line) does not extend 
far into the larger events range until the softer region (solid line), where the d-value 
drops; for a given slope, an increase in the c-value means an increase in the stress levels 
(Mendecki, 2001). The dashed line represents a condition under which the seismic events 
have lower apparent stresses, whereas the solid line represents a condition under which 
the seismic events have higher apparent stresses. Exemples of the former and the latter 
could be a source of a seismic event associated with a relatively weak and a relatively 
strong fault in the rock mass (Mendecki, 2013). 

 
Figure 1. Example of apparent stress and ÌÏÇ% versus ÌÏÇ0 scaling. From Mendecki (2013). 

 

In mines, large variations in apparent stress are caused by the differences in energy 
released by the seismic sources (Hudyma, 2008). This parameter can be used as an 
indicator of the local level of stress at the source of a seismic event (Mendecki, 1993). 

 
Some of the secondary seismic parameters are the energy index and the apparent volume, 
described as follows. 
 

9. Energy index, ὉὍ, is defined by van Aswegen & Butler (1993) as the ratio of the measured 
energy to the average energy for a given moment, where the latter term is estimated 
through an empirical relation between Ὁ and ὓ . 
 

ὉὍ           (20) 

 
According Hudyma (2008), energy index is the relative amount of energy released by a 
seismic event compared to the expected amount of energy, considering an event of the 
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same size. Mendecki (2016) refers to energy index as a practical tool with which it is 
possible to compare the radiated energies of seismic events of similar potency. The ratio 
between the observed radiated seismic energy, Ὁ, of an event and the average energy 
Ὁὖradiated by events of the observed potency, Ὁὖ, for a given area, is written as: 

 

ὉὍ           (21) 

 
where Ὁὖ is equal to: 

 
Ὁὖ ρπ          (22) 

 
which makes (21): 

 

ὉὍ         (23) 

 
where Ὠ and ὧ are parameters of the potency frequency and the energy frequency 
distributions, related to stiffness and stress levels of the system, respectively, as 
mentioned earlier. For Ὠ ρȢπ, the energy index is proportional to the apparent stress. 
Thus, according to this relationship, the higher the energy index, the higher the driving 
stress at the source of the event at the time of its occurrence (Mendecki, 2016). Figure 2 
shows the concept of the relation of the energy versus moment (ÌÏÇὉ versus ÌÏÇὓ). 
Plots of ὉὍ are routinely used to qualitatively delineate areas of higher than average 
potential for rockbursts (van Aswegen & Butler, 1993). 

   
Figure 2. The relation Energy versus Moment. Left: Original plot from van Aswegen & Butler (1993). Right: 
Representation by Mendecki (1997), modified by Hudyma (2008). 

 

10. Apparent volume (ὠ), in m3, scales the volume of rock with coseismic inelastic strain of 
an order of apparent stress over rigidity, and is less model dependent than the source 
volume (ὠ) (Mendecki, 1993). It is an estimation of the source volume, which is expressed 
as (Mendecki, 2013): 

 

ὠ
Ў

          (24) 

 
The author states that the potency can be reliably derived from waveforms; the strain 



37  

and stress drops are affected by their cubic dependency on the corner frequency, then a 
relatively small uncertainty in the corner frequency Ὢ affects greatly the confidence in 
Ў‐ and, consequently, in the source volume, ὠ. 
 
Then, the apparent volume can be expressed as (Mendecki, 1993): 

 

ὠ           (25) 

 
From (24) and (25), ὠ and ὠ are the source volume and the apparent volume, 
respectively, in m3, ὖ is the seismic potency, Ў‭ is the inelastic strain change, ὓ is the 
seismic moment, ῳ„ is the average stress drop, „ is the apparent stress, ‘ is the rigidity 
of the rock mass surrounding the source ς or the shear modulus ς, and Ὁ is the seismic 
energy. 
 
According to Mendecki (2013), this parameter can be manipulated in the form of 
cumulative or contour plots, giving an idea of the rate and the distribution of co-seismic 
inelastic deformation and stress transfer in the rock mass. 
 
The energy index, ὉὍ, can be considered as a proxy for stress, while the cumulative 
apparent volume, ὠ, as a proxy for deformation (Mendecki 2016). Figure 3 shows the 
time evolution of ὉὍ and ὠ during a shaft pillar extraction progressing from the centre 
to its outer perimeter. The large seismic events with ÌÏÇὉ χȢυ are indicated by the 
arrows. It can be noted that almost all the events occurred during softening after a peak 
of stress. 

 
Figure 3. The time evolution of energy index EI (a proxy for stress, in red) and the cumulative apparent volume, VA 
(a proxy for deformation, in blue) during shaft pillar extraction progressing from the centre to its outer perimeter. 
ὑ is seismic stiffness. Other parameters present in the plot: the b-ǾŀƭǳŜ όƻǊ ʲύ ŀƴŘ ǘƘŜ Ř-value in ὰέὫὉ ὨὰέὫὖ
ὧ. From Mendecki (2016). 

 

2.2 Focal mechanism and seismic moment tensor 

The focal mechanism or fault plane solution describes the orientation of the possible fault and 
the slip along that fault relative a coordinate system (Havskov & Ottemöller, 2010). It determines 
i) the slip direction, which in turn is controlled by the orientation of the elastic strain field when 
rupture takes place, and ii) a possible orientation of the rupture plane (Mendecki, 2013). Havskov 
& Ottemöller (2010) state that the focal mechanism is the most important parameter to 
determine once the location and magnitude are known and it is used to determine the actual 
geometry of the faults as well as inferring the style of faulting and stress regimes of a particular 
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region. To describe the focal mechanism, it is necessary to define first the radiation pattern. 
The radiation pattern describes the amplitude in a geometric perspective and provides a sense 
of the initial motion distributed over the P and S wavefronts, considering the region around the 
source sphere (Mendecki, 2013). Then, the displacements that would occur on this sphere with 
infinitesimal radius about the source can be visualized (Stein & Wyssession, 2003). 
 
Having a geometry with the fault plane in the x1ςx2 plane, the auxiliary plane in the x2ςx3 plane, 
and a left lateral motion (Figure 4), it is possible to express the normalized P-wave amplitude 
variation, ό, due to the source in the radial direction in a spherical coordinate system, as 
(Havskov & Ottemöller, 2010 after Stein and Wysession, 2003): 
 

ό           (26) 

 
where ό is the normalized P-wave amplitude variation, — and ‰ are the angles defined Figure 
4, ” is the density of the medium, ‡ is the P-wave velocity, and the distance is constant. The 
amplitude variations for SH- and SV-waves, ό and ό , are expressed, respectively, as: 

 

ό           (27) 

 
and 
 

ό           (28)  

 
where ‡ is the S-wave velocity. 

 
Figure 4. Variation of the radiation patterns with the direction of the receiver. (a) Body wave radiation pattern for 
a ŘƻǳōƭŜ ŎƻǳǇƭŜ ǎƻǳǊŎŜΦ ¢ƘŜ ǊŀŘƛŀǘƛƻƴ ŦƛŜƭŘ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ƛƴ ǎǇƘŜǊƛŎŀƭ ŎƻƻǊŘƛƴŀǘŜǎΣ ǿƘŜǊŜ ʻ ƛǎ ƳŜŀǎǳǊŜŘ ŦǊƻƳ ǘƘŜ Ȅ3 
ŀȄƛǎ ŀƴŘ ˒ ƛǎ ƳŜŀǎǳǊŜŘ ƛƴ ǘƘŜ Ȅ1ςx2 plane. (b) Radiation amplitude patterns of P- and S-waves in the x1ҍx3 plane. (b1) 
Fault geometry, showing the symmetry of the double couple about the x2 axis. (b2) Radiation pattern for P-waves, 
showing the amplitude (left) and direction (right). (b3) Same as (b2), but for S-waves. Modified from Stein & 
Wyssession (2003). 
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The radiation patterns shown in Figure 4 are derived by using the previou (26) to (28). The ratio 
between the S and the P amplitudes is theoretically ‡Ⱦ‡ υ, which agrees with practical 
observations, where S-wave amplitudes are much larger than P-wave amplitudes. 
 
The radiation from the underlying forces can be described by a force couple (Figure 5) in case of 
a shear movement in the source, like during an earthquake. A more general description of the 
seismic source is given by the moment tensor, which describes the seismic source radiation as a 
combination of different double couples of forces. From laboratory experiments it is known that 
new fault planes are oriented at 45° from the maximum and minimum compressive stresses and 
these stresses are therefore halfway between the nodal planes (Figure 5) (Havskov & Ottemöller, 
2010). 

 
Figure 5. Types of force couples that can generate the far field displacements observed from the fault slip. The force 
couples without torque are called dipoles. The two double couples generate the same far field displacements and 
either can be used to mathematically describe the fault motion. The maximum and minimum compressive stresses, 
P and T, respectively, are in directions of 45° to the fault plane and in the same directions as the torque-less single 
couples. From (Havskov & Ottemöller, 2010). 

 

It should be noted that all parameters here calculated come from the point source using far-field 
observations as Brune et al. (1979). 
 
The fault plane solution uses the directions of P-wave motions recorded at the stations 
surrounding the source. The lower hemisphere of a stereographic projection can then be used 
to plot all available directions and two orthogonal planes separating compressional and 
dilatational motions are defined. The P axis (maximum shortening) and the T axis (maximum 
lengthening) bisect the quadrants of the stereographic projection and are the principal strain 
axes that do not necessarily coincide with the principal stress axes. As shown in Figure 6, the P 
axis lies within the quadrant of dilatational motions while the T axis lies within the quadrant of 
compressional motions. Both axes are orthogonal to the intersection of the two nodal planes, 
called the B or the null axis, where their amplitudes are zero, and the nodal plane that is the 
actual plane of rupture cannot be defined (Mendecki, 2013). 
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Figure 6. The basic types of faults and respective focal mechanisms. From Mendecki (2013). 

 

A comparison between moment tensor and stress tensor is made by Tierney (2019), where 
moment tensor is a representation of the source of a seismic event and describes the 
deformation at the source location that generates seismic waves, while stress tensor describes 
the state of stress at a particular point. Figure 7 illustrates both stress tensor and moment tensor 
components. The moment tensor takes into account generalised force couples, arranged in a 3 
x 3 symmetric matrix with six independent elements (i.e., M12 = M21). The diagonal elements 
(e.g., M11) are called linear vector dipoles, which are equivalent to the normal stresses in a stress 
tensor. The off-diagonal elements are moments defined by force couples. 

 
Figure 7. Stress tensor and moment tensor and respective matrices. From (Tierney, 2019). 

 

TƘŜ DǊŜŜƴΩǎ ŦǳƴŎǘƛƻƴ (G), which can be used to estimate source time functions by combining the 
elastic and anelastic effects of propagation from the source to the receiver, describes the signal 
that would arrive at the seismometer if the source time function were a delta function (Stein & 
Wyssession, 2003). According to these authors, aƴ ŜŀǊǘƘǉǳŀƪŜΩǎ ǎƻǳǊŎŜ ǘƛƳŜ ŦǳƴŎǘƛƻƴ is found 
ōȅ ŘŜŎƻƴǾƻƭǾƛƴƎ ǘƘŜ DǊŜŜƴΩǎ ŦǳƴŎǘƛƻƴ ŀƴŘ ǘƘŜ ǎŜƛǎƳƻƳŜǘŜǊ ŦǊƻƳ ǘƘŜ ǎŜƛǎƳƻƎǊŀƳ ς u(t). 
Combining force couples of different orientations into the seismic moment tensor (M), gives a 
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general description that can represent seismic sources. A moment tensor inversion ς or the 
generalised inverse of G ς  is used to find the tensor components, since the seismograms are 
linear functions of the moment tensor components. Tierney (2019) illustrates the process of 
inversion, including the use of the DǊŜŜƴΩǎ ŦǳƴŎǘƛƻƴ and how it computes the ground 
displacement recorded by the seismic sensor based on a known moment tensor (the forwards 
problem) in Figure 8. 

 
Figure 8Φ wŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ǳǎŜ ƻŦ ǘƘŜ DǊŜŜƴΩǎ ŦǳƴŎǘƛƻƴ ǘƻ ǇǊƻŘǳŎŜ ŀ ƳƻƳŜƴǘ ǘŜƴǎƻǊ ƻŦ ŀ ǎŜƛǎƳƛŎ ŜǾŜƴǘΦ CǊƻƳ 
Tierney (2019). 

 

To illustrate the 3 x 3 matrix depicted in Figure 7Σ ƳƻƳŜƴǘ ǘŜƴǎƻǊǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ŀǎ άōŜŀŎƘ ōŀƭƭǎέ 
in 2D or 3D, being the 2D diagram a stereonet projection of the 3D beach ball (Figure 9). For each 
point on the surface of the sphere, the moment tensor describes the magnitude and direction 
of the first motion of seismic waves. 

 
Figure 9. Representation of 3D stereonet projection diagrams (or beachballs). The white region has the motion with 
direction towards the source. The black region has the motion with direction away from the source. Where there is 
a border between black and white on the beach ball surface, the direction of motion is tangential (purple arrows). 
The direction of motion across the border is white-to-black. From Tierney (2019). 

 

As shown in Figure 9, the first ground motion on the beach ball surface is decomposed into radial 
and tangential components, represented by arrows, which are proportional to the strength of 
the P- and S-waves, respectively. It can be noted that P-waves tend to emanate stronger from 
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the middle of the white and black regions, while S-waves emanate stronger from the borders 
between the black and white regions. Additionally, the moment tensors are expressed as three 
linear vector dipoles (orthogonal), rotated to a particular orientation. These dipoles are referred 
to as the P (pressure), B (or N, neutral or null), and T (tension) principal axes. 
 
According to Mendecki (2013), the seismic moment tensor can be decomposed into components 
called isotropic component (or volume change) and deviatoric component, which helps to 
provide an additional idea about the nature of the co-seismic strain drop. A double couple term 
with zero determinant representing shear faulting on a plane and a non-double couple term 
come from the decomposition of the deviatoric component. The non-double couple term can be 
referred to as the so called Compensated Linear Vector Dipole (CLVD), which is deviatoric and 
has two equal eigenvalues, however, without change in volume, net force, and net torque. 
 
Tierney (2019) summarized the components of the seismic moment tensors. The isotropic (ISO) 
component can be positive or negative and is characterized as a uniform volume change. The 
positive component is characterized by expansion or explosion, and examples of this component 
could be a rock bulking or a confined blast. A negative isotropic component is characterized by 
a contraction or implosion, and examples of it could be a pillar burst, buckling, or rock ejecting 
into a void. Only P-waves radiate from a purely isotropic source. The deviatoric component is 
the remainder when the isotropic component is not part of the moment tensor, and results in 
displacement of zero net volume change. The geological process that describes this component 
is the dislocation of a fault, which can be a mix of shear and normal dislocations. The double 
couple (DC) term (Figure 10) is a pure shear dislocation and the reason why it is called double 
couple is due to the two force couples and the two alternate fault plane orientations that model 
the expected displacement symmetrically. Since there are two possible fault planes, one can use 
site information to analyse the orientation of the two planes, and thus the actual fault plane. 
The non-double couple term or the Compensated Linear Vector Dipole (CLVD) is a normal 
dislocation on a plane and is called so because the normal displacement from one of the linear 
vector dipoles is compensated by opposing displacement from the other two linear vectors, 
resulting in zero net volume change. It is said that a positive CLVD source has a single tensile 
dipole compensated by two compressive dipoles, which is the opposite with regards to a 
negative CLVD source. 

 
Figure 10. Representation of a double couple (shear dislocation). The shear direction on the fault is from white to 
black. Note the two opposite linear vector dipoles. The third dipole is zero (B or null axis). From Tierney (2019). 

 

Figure 11 illustrates the moment tensors and their associated focal mechanisms. 
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Figure 11. A selection of moment tensors and their associated focal mechanisms. The top row shows an explosion 
(left) and an implosion (right). The next three rows are for double couple sources. The bottom two rows show CLVD 
sources. (After Dahlen & Tromp (1998), with moment tensors transformed to the coordinate system with basis 
vectors pointing north, west, and up. Copyright © by Princeton University Press. Reprinted by permission of 
Princeton University Press.). From Stein & Wyssession (2003). 

 

Tierney (2019) highlights that a useful tool to visualise the moment tensor decomposition is the 
Hudson diagram (Hudson et al., 1989) (Figure 12). The diagram is a two-dimensional graphical 
display of all possible relative sizes or proportions of the three principal moments (isotropic, DC 
and CLVD) that provides a method of representing the probability density of these relative sizes 
deduced from a given set of data (Hudson et al., 1989). The isotropic component is represented 
by the vertical axis, and ranges from -100% (implosion) to 100% (explosion). The deviatoric 
decomposition goes along the horizontal axis, also from +100% to -100% CLVD. In the centre is 
the 100% DC, where both isotropic and CLVD are 0%. The outer lines (the limits of the chart) 
represent the 0% DC line. 

 
Figure 12. Hudson diagramm. Note that a pure tensile crack mechanism decomposes to a source 55% explosive and 
45% positive CLVD, while a compressive crack mechanism decomposes to a source 55% implosive and -55% CLVD. 
Two key points that are a combination of isotropic and CLVD sources are also indicated. A single linear vector dipole 
(the other two dipoles are zero) decomposes to a one-third isotropic source and two-thirds CLVD. From Tierney 
(2019). 
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Alternatively, it is worth to mention that the seismic potency tensor (or source tensor), ὖ , may 

be defined by the integral of the stress-free change of size and shape, expressed as (Mendecki, 
2013): 
 
ὖ ᷿ῳ‭            (29) 

 
where ɝ‭  is the stress-free change of size and shape in the source volume. While the seismic 

moment requires assumptions of the elastic properties in the rock mass , the strain-based 
potency tensor is based on directly observable quantities and can be decomposed in a similar 
way as the moment tensor. 
 
Mendecki (2013) described different examples (Figure 13) of moment tensor solutions for 
seismic events that occur as a result of mining and blasting activities, and how they differ from 
simple seismic events. The examples include a) a point source blast in a homogeneous medium; 
b) a longer borehole blast in inhomogeneous rock, producing a cylindrical sphere source, instead 
of spherical. The production of shear wave energy is influenced by the heterogeneities in the 
rock mass and velocity of detonation, i.e., slower detonations produce more shear deformation, 
longer fractures, and higher S-wave amplitudes in more heterogeneous rocks. c) A larger event 
associated with slip along geological features and/or located away from the excavation; d) fault 
slip or tensile failure close to a stope; and e) pillar failure or strain burst. Each of these types of 
events has a different source mechanism and can result in different types of seismic waves being 
produced. 

 
Figure 13. Typical mechanisms of mine-induced events. a) This source would radiate compressional P-waves, no S-
waves, and the source mechanism would be purely isotropic explosive. b) This source would add a deviatoric 
component to the mechanism. c) This source would have predominantly double-couple source mechanism. d) The 
permanent co-seismic stope convergence would add the implosive component (after McGarr, 1992), and a possible 
CLVD component to the double-couple mechanism. e) The excavation is an integral part of the source, and the 
mechanism can be represented by a closing crack model, i.e., isotropic implosive component with a CLVD 
component. From Mendecki (2013). 

a)

b)

c)

d)

e)
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Ordinary seismic events which occur in the rock mass at a distance from any excavations 
normally don´t exhibit a volumetric change in the moment tensor solutions. Seismic events that 
occur close to the excavations  can have a volumetric change as the rock mass can move towards 
the excavation or, the excavation is a part of the seismic source. This type of seismic events are 
more prone to damage the infrastructure.  
 
Five mechanisms of damaging rockbursts (Table 2) are presented as well as the description of 
the typical rock mass movement, the direction of first motion that would be recorded by seismic 
sensors, and the approximate maximum magnitude range for events of each mechanism 
(Hudyma, 2010 after Ortlepp, 1992). 

Table 2. Five mechanisms of damaging rockbursts (Hudyma, 2010 after Ortlepp, 1992). 

Seismic event Postulated source mechanism 
First motion from 
seismic records 

Richter magnitude 
(ML) 

Strain-bursting 
Superficial spalling with violent ejection of 
fragments 

Usually undetected, 
could be implosive 

-0.2 to 0.0 

Buckling 
Outward expulsion of larger slabs pre-
existing parallel to opening 

Implosive 0.0 to 1.5 

Pillar or face 
crush 

Sudden collapse of stope pillar, or violent 
expulsion of rock from tunnel face 

Implosive 1.0 to 2.5 

Shear rupture 
Violent propagation of shear fracture 
through intact rock mass 

Double-couple shear 2.0 to 3.5 

Fault-slip Violent renewed movement on existing fault Double-couple shear 2.5 to 5.0 

 

2.3 Seismic hazard 

The importance of routine seismic monitoring in mines as a mean to quantify exposure to 
seismicity and to guide the prevention, control, and alert of potential rock mass instabilities that 
could result in damage, injury, or loss of life was outlined by Mendecki (2016). The scope of 
seismic monitoring is dependent on the expected seismic rock mass response to mining, with 
mines with very low seismic hazard opting for limited monitoring, while those with higher 
seismic activity require a more comprehensive scope of monitoring. The author outlined the 
specific objectives of seismic monitoring, which include 1) rescue; 2) prevention; 3) hazard 
assessment; 4) alerts; and 5) back-analysis (modified after Mendecki, 1997b and Mendecki et al., 
1999). 

1. Rescue. The first objective of seismic monitoring in mines is to detect and locate 

potentially damaging seismic events. The purpose of this objective is to alert 

management and assist in rescue operations. 

2. Prevention. The goal is to use seismic monitoring to confirm the rock mass stability 

related assumptions made during the mine design process and to audit and correct the 

design while mining. Parts of the prevention are delineation of geological structures, 

resolving the direction of principal stresses, monitoring propagation of a caving front, 

and recording strong ground motion at the skin of excavations for support design.  

3. Hazard Assessment. The goal is to quantify the probability of potentially damaging 

seismic events occurring within a specific period of time in a given area, in the 

intermediate and long terms. This information is used to compare the latest hazard 
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results with previous ones, discuss and explain differences, and document them. 

Additionally, hazard assessment includes monitoring and quantifying any increase in 

seismic activity caused by larger seismic events or production blasts and defining area-

specific temporal exclusion zones and recommending re-entry into working places. The 

aim is to provide timely information that can guide mine management in making 

informed decisions about safety measures and risk mitigation strategies. 

4. Alerts. A part of the objective of seismic monitoring in mines is to detect sudden and 

significant changes in seismic parameters that could lead to instability and affect working 

places in the short term. This can be achieved by regularly monitoring seismic activity and 

identifying any unusual patterns or changes that could indicate potential instability. By 

providing alerts, mine management can take appropriate action to ensure the safety of 

workers and prevent damage to equipment and infrastructure. 

5. Back-analysis. Back-analysis involves thoroughly analysing all seismic events that caused 

damage, injury and/or fatality, as well as near-misses that had the potential to cause 

consequences. The results of the back-analysis can then be used to improve both the 

mine design and the seismic monitoring processes. Furthermore, the results of the back-

analysis should form the basis for a regular critical review of the applied seismic risk 

management strategy, guidelines, and procedures. In summary, back-analysis is an 

important tool in identifying weaknesses in the seismic risk management strategy, and 

to improve it to ensure the safety of the workers and the mine. 

Mendecki (2016) states that in order to achieve the objectives of seismic monitoring discussed 
earlier, a quantitative description of seismic events and seismicity is necessary. A seismic event 
is considered to be quantitatively described when its time of occurence, ὸ, and location, ὢ
ὼȟώȟᾀ are known and reliable values are obtained for at least two independent seismic source 

parameters, namely seismic potency, ὖ, and radiated seismic energy, Ὁ. Further, seismicity is 
defined for a given volume, Ўὠ, over a certain time, Ўὸ, and it can be quantified by four basic, 
largely independent quantities: 

1) Average time between events, ὸӶ; 

2) average distance (including source sizes) between consecutive events, ὢ; 

3) cumulative seismic potency, Вὖ; and 

4) cumulative radiated energy, ВὉ. 

These quantities provide a way to measure and understand the behaviour of seismic events and 
seismicity in a given volume over a certain time. 
 
Mendecki (2016) emphasised the importance of implementing a seismic monitoring system for 
mines that may be exposed to seismic activity. Such a system can provide a large amount of 
useful data, but it is necessary to define routine tasks that need to be performed regularly to 
ensure that the objectives of the seismic monitoring is met. The tasks may vary depending on 
the degree of seismic exposure. It is important to recognize and communicate any unexpected 
or unusual seismic behaviour. For mines with elevated seismic hazard after production blasts or 
larger seismic events, the author recommends implementing a higher resolution seismic 
monitoring system as part of the re-entry decision-making process. This may involve i) lowering 
trigger levels and/or monitoring individual triggers; or ii) a continuous monitoring of ground 
motion at selected sites in addition to triggered monitoring. It is also recommended that 
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intermediate and long-term seismic hazard assessments should be done at least once a year and 
every time the maximum observed event size has been exceeded. The recommended routine 
analysis as suggested by Mendecki (2016) is summarised in Table 3. 

Table 3. Routine analysis recommended by Mendecki (2016). 

Routine Tasks 

Daily 

1. Check the system performance. 
2. Identify any possible outliers of seismological processing and return them 
for reprocessing. 
3. Check for strong and unexpected changes in seismic activity. Unexpected 
activity near excavations and events far from active mining, close to a shaft 
or in places not predicted by numerical modelling should be noted. 
4. Compare the time-of-day plot of seismic activity with the average over 
the last week. Observe the linear size and orientation of these events, since 
their spatial influence in certain directions may be considerably greater than 
that indicated by the routine plots of events as dots or spheres on a mine 
plan. 
5. Note any unusual activity after production blasts and larger seismic 
events. 

Weekly 

1. Note any recurrent system performance issues during the last week. 
2. Test the integrity of the data, e.g., temporal gaps, the presence of blasts, 
and ore pass noise. 
3. Review locations and magnitudes of events recorded over the last week in 
terms of their distances from excavations. Persistent activity near 
excavations and events far from active mining, close to a shaft or in places 
not predicted by numerical modelling may be of concern. 
4. Examine whether these unusual locations of seismic events are correct. 
5. Update plots of cumulative potency versus time and versus the 
cumulative volume of rock extraction, and compare them with a short-term 
history, e.g., with the mean value for the last week or month. 

Monthly 

1. Note any persistent system performance issues during the past month. 
2. Review locations and magnitudes of events recorded over the last month 
in terms of their distances from excavations. Persistent and unexpected 
activity close to excavations and events far from active mining, close to a 
shaft or in places not predicted by numerical modelling, should be 
reconciled with the expected behaviour and explained. 
3. Update plots of the cumulative potency versus time and versus the 
cumulative volume of rock extraction. An increase in the rate of the 
cumulative potency versus cumulative volume mined, or versus time, may 
signify an unstable seismic deformation, and an accelerated potency release 
may indicate a temporary loss of control over the seismic rock mass 
response to mining. 
4. Check whether time-of-day and day-of-week plots of seismic activity are 
as expected. 
5. Update the list of the 10 largest events and the list of record-breaking 
events at the mine. 
6. Update the list of the 10 largest recorded ground motions at each 
monitoring site. Watch for amplitude saturation caused either by exceeding 
the output range of an amplifier or by exceeding the travel limit of the 
inertial mass within the geophone. 
7. Undertake advanced analysis of larger or damaging seismic events, i.e., 
location uncertainty, source mechanism, the character of aftershock activity, 
and the spatial distribution of strong ground motion. Test for any possible 
precursory behaviour to these events, e.g., activity rate and the cumulative 
apparent volume versus energy index plots. 
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Yearly 

1. Quantify the performance of the seismic system and compare with 
previous years. 
2. Reassess the configuration and the sensitivity of the seismic network. 
3. Examine the location accuracy of seismic events. The recommended 
location accuracy in a given area should be within the typical size of an 
event of that magnitude that defines the sensitivity of the seismic network 
for that area. 
4. Reassess the suitability of currently employed sensors to accurately 
record strong ground motion. 
5. Review list of largest events, record-breaking events, and largest recorded 
ground motions. 
6. Compare and reconcile seismic activity with the latest numerical stress 
model. 
7. Evaluate intermediate and long terms seismic hazard and compare it with 
previous years. 
8. Review seismic responses to production blasts. 
9. Back analyse larger seismic events and comment on their effect on 
excavations. 
10. Estimate the site effect on the skin of critical excavations and reconcile 
with the current support design. 
11. Review the seismic hazard management strategy. 

 

In order to define the best practices in managing seismic hazard, the Australian Centre for 
Geomechanics (ACG) initiated a project called the Seismic Risk Management Practices in 
Underground Mines. Having the notion that best practice at a mine site is necessarily a function 
of the intensity of the seismic problem at that site, the project developed a flowchart called 
Seismic Risk Management Practices (Figure 14). The process described in this plan enables each 
mine to assess their own practices against standard and advanced practices that can be applied 
for the management of seismic risks (ACG, 2022). There are four major activities in this process, 
each represented by a coloured area in the flowchart, as follows: 
 

¶ Purple: Data collection; 

¶ Green: Seismic response to mining; 

¶ Blue: Control measures; and 

¶ Orange: Seismic risk assessment. 

 
For each activity, there are components represented by boxes in the flowchart. In each box, 
ǘƘŜǊŜ ƛǎ ŀ ƴǳƳōŜǊ ƻŦ ōŜƴŎƘƳŀǊƪŜŘ ǇǊŀŎǘƛŎŜǎ ǘƘŀǘ Ŏŀƴ ōŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǎǘŀƴŘŀǊŘέ ƻǊ ŀƴ 
άŀŘǾŀƴŎŜŘέ ǇǊŀŎǘƛŎŜΦ {ƛƴŎŜ ƛǘ ƛǎ ƴƻǘ ŀƭǿŀȅǎ ƴŜŎŜǎǎŀǊȅ ƴƻǊ άōŜǎǘ ǇǊŀŎǘƛŎŜέ ŦƻǊ mines experiencing 
low seismic hazard to implement extensive and advanced seismological analyses, low, medium, 
and severe seismic hazard should be addressed by different best practices ς standard or 
advanced. Standard practices indicate approaches that are commonly used at most mine sites, 
while advanced involve uncommon techniques according to (ACG, 2022): 
 

¶ Requiring personnel with a high technique skill base; and 

¶ being labour/computing/time intensive. 
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Figure 14. The seismic risk management plan by ACG. © 2023, Australian Centre for Geomechanics. 
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3 The Kiirunavaara Mine 

YƛƛǊǳƴŀǾŀŀǊŀ aƛƴŜΣ 9ǳǊƻǇŜΩǎ ƭŀǊƎŜǎǘ ƛǊƻƴ ƻǊŜ ǇǊƻŘǳŎŜǊ ŀƴŘ ƻƴŜ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ 
underground mines, is operated by Luossavaara-Kiirunavaara Aktiebolag (LKAB). The mining 
activities started in 1898 as an open-pit mine, and in mid-1950, the transition to underground 
mining using the sublevel caving (SLC) mining method was initiated. 
 

3.1 Mine description 

3.1.1 Location and geology 

¢ƘŜ ƳƛƴŜ ƛǎ ƭƻŎŀǘŜŘ ƛƴ bƻǊǊōƻǘǘŜƴ /ƻǳƴǘȅΣ YƛǊǳƴŀΣ ƴƻǊǘƘŜǊƴ {ǿŜŘŜƴΦ ¢ƘŜ άYƛǊǳƴŀ-ǘȅǇŜέ ƛǊƻƴ 
oxideapatite (IOA) ore is 4-5 km long and up to 200 m wide (80 m on average) and is emplaced 
between the footwall trachyandesites and the hanging wall rhyodacites, with either sharp 
contacts or intruded by dikes in both country rocks (Geijer, 1931, Andersson & Rutanen, 2016). 
 
A local coordinate system is adopted in the mine, and is oriented approximately N-S, along the 
Y-axis, with the levels along the Z-axis, being the surface level at 237 m. This local coordinate 
system is rotated clockwise by 10.7° relative to the geographic system (Dineva et al., 2022). 
 
With strike approximately North-South, and dip varying from 50° to 70° towards East, the 
mineralization is known down to more than 2000 m depth. The structural geology is 
characterized by several major discontinuities, some of them parallel to the ore body and some 
oblique. There are also four major groups of fractures, dipping 50-90°: i) strike E-W dipping S; ii) 
strike N-S dipping E; iii) strike WNW-ENE dipping N; and iv) strike N-S dipping W. Figure 15 shows 
the approximate location of the Kiirunavaara mine, the geology of northern Norrbotten County, 
as well as some of the main structural geology features. 
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Figure 15. Simplified bedrock map of northern Norrbotten County. KNDZ = KirunaςNaimakka deformation zone, 
KADZ = KaresuandoςArjeplog deformation zone, NDZ = Nautanen deformation zone, PDB = Pajala deformation belt. 
Inset map: Sk = Svecokarelian orogen, Sn = Sveconorwegian orogen, Ca = Caledonian orogen, Pl = Platformal 
sedimentary cover rocks, A (green ornament) = Archaean rocks in part reworked in the Palaeoproterozoic, K (grey 
ornament) = Karelian rocks, S (without ornament) = Svecofennian supracrustal rocks and Svecokarelian intrusive 
rocks; thick lines are major deformation zones. From Bergman (2018). The red rectangle shows the approximate 
location of Kiruna. 

 

Regarding the local geology in the mine area, Andersson (2021) compiled and evaluated 337 UCS 
(Uniaxial Compressive Strength) values from ore and country rock samples and subdivided the 
rock types into 7 categories: Ore, Sp1,2,4, Sp3, Sp5, Qp, Dp, and CA-granite. From the footwall 
to the ore, these categories were organized as follows: 
 

¶ Footwall: Sp1, 2, 4, comprising the least altered trachyandesitic rocks; Sp3, the nodular 

porphyry; Sp5, a collective term for variously more altered footwall volcanic rocks; Dp, a 

network of porphyritic dyke rocks; and CA-granite, a typically brick-red granite within the 

deeper parts of the footwall. 

¶ Hanging wall: Qp, the rhyodacites of the hanging wall, which were all put into one group. 
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¶ Ore: apatite-rich, silicate-bearing, and the purest and Fe-richest types of ore were 

merged into this one group. 

 
Table 4 summarises the results achieved by Andersson (2021), in terms of rock strength. 
 

Table 4. Summary of the rock strength from the 337 UCS values compiled and evaluated by Andersson (2021). 

  Category Description Strength [MPa] 

Footwall 

Sp1,2,4 Strong footwall porphyries 370(±100) 

Sp3 Nodular footwall porphyry 225(±80) 

Sp5 Altered footwall porphyry 125(±90) 

Dp Dyke porphyry 345(±100) 

CA-granite Brick-red granite 275(±55) 

Hanging wall Qp Hanging wall porphyry 225(±100) 

Ore Ore Different types of ore merged 145(±55) 

 

It is recommended by the author that these values supersede previous estimates and may be 
used for these rock types anywhere in the rock mass. 
 
3.1.2 Mining method 

Currently, the mining method is sublevel caving (SLC), and each interval between the sublevels 
is 29 m. On each sublevel, transverse crosscuts, with central distance of 24.75 m, are developed 
from the footwall drifts through the ore. In some cases, where the ore body is narrow, 
longitudinal drifts have been used. After the ore is blasted, it is mucked and dumped into ore 
passes. 
 
In 2023, the mining levels are at 1022 to 1108 m, about 800 to 900 m below the surface, with 
the main haulage level at 1365 m. The mining has resulted in more frequent and larger seismic 
events over the last decade as the mine progressed downward (Ylmefors et al., 2022). For effect 
of comparison, according to Dineva & Boskovic (2017), when problems with seismicity became 
more substantial, in 2007, the deepest mining level was at 670 m below the surface (production 
level 907 m). 
 

3.1.3 Seismic monitoring system 

The underground seismic system at the mine is supplied by the Institute of Mine Seismology 
(IMS).  

By 2023, it consisted of 253 operational geophones with natural frequencies of 4.5, 14, and a 
few of 30 Hz, and the magnitude of completeness (MLmin) is around -1.5 for the production areas 
(Dineva et al., 2022). On average, ~5000 seismic events are registered daily, and almost 200 large 
seismic events with ML җ 1.5 have been recorded since 2008. The largest seismic event recorded 
in the mine occurred May 18, 2020, at 03:11, local time, with Mw 4.2, and was located in Block 
22, close to ore pass 221. Prior to May 18, 2020, the largest event recorded had a local magnitude 
of 2.5 (Dineva et al., 2022). 
 
The system records seismic events automatically, and the parameters of these events, including 
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the dynamic source parameters and moment tensors, are calculated routinely by IMS after 
automatic picking of the P- and S-arrival times. The hypocentre locations of the seismic events 
are calculated using a procedure described by Nordström et al. (2017). According to du Toit 
(2015), the accuracy of the hypocentre location error is on average 23 m but it varies along the 
orebody. In the areas with the best location accuracy, the error is about 5 m. 
 

3.1.4 Induced seismicity and in-situ stress 

Dineva & Boskovic (2017), Nordström et al. (2017), and Nordström et al. (2019), studied the 
seismic activity in the mine, and Dahnér & Dineva (2020) studied the stress measurements and 
monitoring data from 2015 to 2017 in order to understand the mining-induced stresses. Dineva 
et al. (2022) processed and analysed a seismic event with an estimated moment magnitude, Mw, 
of 4.2, that occurred in Block 22, close to ore pass 221. Ylmefors et al. (2022) conducted an 
analysis of historical mining-induced seismicity with data from the Kiirunavaara Mine. 
 
In a first overview of the seismicity at the Kiirunavaara Mine, Dineva & Boskovic (2017) looked 
at the development of the seismic process, following the changes in seismicity during production 
from 2008 until 2016 in terms of number of events (seismicity rate) above the threshold 
magnitude and maximum observed magnitude in blocks 15/16, 28/30, and 33-37/34. This study 
showed a substantial difference in seismicity in these production blocks, with the weakest 
seismic activity in Block 15/16 (with maximum observed magnitude Mmax 1.6), followed by Block 
28/30 (Mmax 2.2), and Block 33-37/34 as the most active (Mmax 2.2). The daily seismicity rate 
increased substantially through the years only for Block 33-37/34. 
 
Nordström et al. (2017) studied the source parameters of seismic events potentially related with 
damages in block 33/34 and corroborated this block as one of the most seismically active in 
Kiirunavaara Mine, with more than 90% of the studied events located in the footwall. 
 

After analysing large footwall seismic events (145 events with local magnitude ML ² 1.5 occurred 
between 2011-01-01 and 2021-03-31), Ylmefors et al. (2022) compared the magnitude of those 
events with the stress change in the production areas after plotting the distribution of the major 
principal stress from the numerical models in relation to the normalized distance to production 
levelΦ ¢ƘŜ ŀǳǘƘƻǊǎ ǘƘŜƴ ŎƭŀǎǎƛŦƛŜŘ ǘƘŜ ǎŜƛǎƳƛŎ ŜǾŜƴǘǎ ŀǎ άƳƛƴƛƴƎ-ŦǊƻƴǘ ŀǎǎƻŎƛŀǘŜŘέΣ άƻǊŜ-pass 
ŀǎǎƻŎƛŀǘŜŘέΣ άƳƛƴƛƴƎ-front and ore-Ǉŀǎǎ ŀǎǎƻŎƛŀǘŜŘέΣ ŀƴŘ άƻǘƘŜǊǎέΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƭƻŎŀǘƛƻƴ ƻŦ 
the sources (hypocentres). They stated that there is a transition depth around 900 m at the mine 
in terms of seismicity intensity and occurrence frequency. Below this transition depth, seismic 
events with magnitude larger than ML 1.6 occur more frequently, and the largest magnitude is 
abruptly increasing. By using the normalized relative vertical distance to production level, they 
found out that most of the seismic events are located close to the production level, and that 
below it the number of seismic events decreases, but a small peak at 4 levels below the 
production level appears. In addition, 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. Similarly to Dineva & Boskovic (2017), Ylmefors et al. (2022) divided the mining 
process into three stages (Figure 16), which are i) 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 caved zone; stage II or full production phase: when mining reaches the zone called 
άwŀǎƛƴōǊƻǘǘέΣ ǘƘŜ ƳƛƴƛƴƎ ŎƻƴƴŜŎǘǎ ǘƻ ǘƘŜ ŎŀǾŜŘ ǊƻŎƪ ŦǊƻƳ ǘƘŜ ƘŀƴƎƛƴƎ ǿŀƭƭΦ ¢ƘǳǎΣ ǎǘǊŜǎǎŜǎ ŀǊŜ 
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reduced on this level; stage III or closing of the sublevel: the last rings on the sublevel are drilled 
outside the boundary of the ore body. 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 16. Section view of a transverse production drift and a typical ring at Kiruna Mine. From Ylmefors et al., 2022 
after modifying from Shekhar et al., 2017). 

 

Dahnér & Dineva (2020) studied the stress measurements and monitoring data for the period 
from 10 July 2015 to 17 March 2017. In the attempt of identifying a possible correlation with 
larger seismic events, they created a dataset with seismic events with ML > 1.0 within a 150-
metre radius from the stress cell for the period studied. The dataset was divided into two 
subgroups, which are i) ore pass events (nine events); and ii) events related to clay zone (five 
events); out of which one event is regarded as induced by blast. 
 
A study conducted by Dahnér & Dineva (2020) focused on small-scale variations in induced stress 
that were thought to be related to larger seismic events as well as development and production 
blasting. That study used the data from a stress cell installed in 2013 in the production area, 
Block 34. The stress at level 1165 m was initially measured and subsequently monitored in the 
long term. The primary objective of the stress measurement and monitoring activities was to 
track changes in the induced stress, including the magnitude and direction of the stress, as the 
mining progressed downwards. The study covered the period from mid-July 2015 to mid-March 
2017, and stress changes were analysed before, during, and after 15 seismic events with ML җ 
1.0. It was found that there was a clear pattern of stress changes for eight of the seismic events 
analysed, indicating a relationship between the induced stress and seismic activity. However, no 
stress change was observed during 25 development blasts occurred at distances of less than 50 
metres, nor during 19 of the closest production blasts occurred at distances between 125-135 
metres.  
 
Dahnér & Dineva (2020) described the method and timing of the installation of the stress cell, 
which used the overcoring method with the Borre stress cell at level 1165 m, while noting that 
production was ongoing at levels above the installation site. The results mentioned by the 
authors are presented in Table 5 (Dahnér & Dineva, 2020 after Ask, 2013). 
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Table 5. Measured absolute stresses at level 1165 m, on 30 September 2013. From Dahnér & Dineva (2020) after 
Ask (2013). 

Stress component Stress magnitude [MPa] Stress strike/dip (geographical north) 

„ 65.5 089/16 

„ 42.6 187/26 

„ 26.8 331/59 

 

After the stress measurements, the long-term monitoring was carried out with 3D CSIRO-HI cells, 
with data sampling every 15 minutes, which could capture the short-term variations. Figure 17 
shows the changes in mining-induced stresses („, „, and „) over the monitoring period (10 
July 2015ς17 March 2017). 

 
Figure 17. Principal stresses „, „, and „ over the study period 10 July 2015 to 17 March 2017, with a zoom-in to 
show the variations in individual recordings. From Dahnér & Dineva (2020). 

 

Having this information, Dahnér & Dineva (2020) could compare the history of stress response 
to a) development and production blasts; b) seismic events; and c) production/loading in ore 
passes. Some results of the study with regards to these three points can be summarised as 
follows: 
 

a) Stress response to development and production blasts. No indication of an 

increase/decrease in the static stresses (no response) due to individual blasts 

(development blasts with distance < 50 m from the stress cell and production blasts with 

distance of 125ς135 m from the stress cell) could be verified. 

b) Stress response to seismic events. The analysis of the behaviour of the stress before, 

during, and after large seismic events (ML > 1.0) at distance up to 150 m showed that the 

occurrence of eight of the events can be correlated with the stress change behaviour, 

characterized by a decrease in magnitude followed by an increase before the event 

occurs and a continuing increase after the event, before it starts decreasing again. 14 

seismic events had magnitudes between ML 1.01 and ML 1.91 and were divided into ore 

pass events (nine events) and clay zone events (five events). One event was regarded as 

blast-induced event and one occurred outside the selection volume (events 7 and 15, 

respectively, shown in Figure 18). 
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Figure 18. Seismic events with M > 1.0 within 150 m radius from the stress cell. Black infrastructure corresponds to 
production level at the time of the study (1051 m) and blue corresponds to future production level and media drift 
at level 1165 m. Sub-vertical lines are ore passes in group 34 and the green volume is a clayey zone. The circles with 
corresponding numbers are the location of the large events in the analysis with colour as in the legend. From Dahnér 
& Dineva (2020). 

 

c) Stress response to production/loading in ore passes. The seismic activity during a sample 

period (1ς10 January 2016) was strongly correlated with the changes in principal stress, 

and the growth of the ore passes in the area may be a contributing factor to the observed 

seismic activity. Dahnér & Dineva (2020) noticed a strong relationship between the 

curves for principal stress versus time (Figure 19a) and magnitude versus time (Figure 

19b) during a period of seismic activity that was related to mucking in ore pass 343, which 

was located about 170 m from the stress cell. The authors mentioned that there were 

two other ore passes (341 and 342) situated between the stress cell and ore pass 343, 

and both had grown substantially in size. Ore pass 341 had even been permanently closed 

for production. The authors suggested that further investigation would be needed to 

better understand the mechanisms underlying this correlation and to determine the 

potential implications for safety and stability in the area. 

 
Dahnér & Dineva from 2020, found that in some cases, no pattern was detected for seismic 
events (referred to as "red events" ς Figure 18). Three of these events were related to the ore 
pass area and called "ore pass events." These events were likely caused by rock mass degradation 
and failure around the ore passes, which may have led to their growth. Therefore, it is possible 
to interpret that there may be complex geological and structural factors can contribute to 
seismic events around the ore passes, even in cases where a clear pattern may not be detected. 
According to the authors at the time, further research would be needed to better understand 
the underlying mechanisms and to develop strategies for managing seismic risks in the area. 
 
The stress cell data is presented in Figure 19a. The seismic activity for the period 1 January 2016 
ς 10 January 2016 is presented in Figure 19b. Figure 19c shows the seismic activity (as individual 
events and as cumulative number of events) within a 400-metre cube with the stress cell at the 
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centre. 

 
Figure 19. a) The monitored induced stresses for the period 1 ς 10 January 2016; b) Individual seismic events and 
cumulative number in time; c) A vertical section of seismic event locations within 400 m around the stress cell. The 
blue vertical dashed lines correspond to start of the production in the area. From Dahnér & Dineva (2020). 

 

The major and minor principal stresses (Figure 20) at 20 m away from the footwall-ore boundary 
at different levels were obtained from a 2D numerical model (Svartsjaern, 2017). The distribution 
of the major principal stress in relation to the normalized distance to production level (vertical 
distance from -3 to 10+ ς see Figure 21) from the numerical model shows a similar trend to the 
ƳŀƎƴƛǘǳŘŜ ƻŦ ǘƘŜ ƭŀǊƎŜ ǎŜƛǎƳƛŎ ŜǾŜƴǘǎ όa җ мΦрύ ǎǘǳŘƛŜŘ ōȅ ¸ƭƳŜŦƻǊǎ Ŝǘ ŀƭΦ όнлннύΦ 

 
Figure 20. Relationship between stress magnitude and normalised distance to production level from a 2D numerical 
model. From Svartsjaern (2017). 
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Figure 21Φ [ƻŎŀƭ ƳŀƎƴƛǘǳŘŜ ƻŦ ǎŜƛǎƳƛŎ ŜǾŜƴǘǎΣ a җ мΦрΣ ƛƴ ǘƘŜ ǇŜǊƛƻŘ ŦǊƻƳ WŀƴǳŀǊȅ мΣ нлмм ǘƻ aŀǊŎƘ омΣ 2021, related 
to the normalized relative vertical distance to production level in mXrap. From Ylmefors et al. (2022). 

 

3.1.5 Geological structures as triggers for seismic events 

Ylmefors et al. (2022) described a geological phenomenon related to mining activities, in which 
Stage I (Opening Stage) seismic events are characterized by the largest magnitudes, seismic 
moments, radiated energy, potency, and displacement. These events are likely caused by the 
convergence between the hanging wall and footwall as well as stress relaxation on geological 
structures near the footwall-ore contact. According to Zhang et al. (2021), mining activities can 
trigger seismic events and cause geological discontinuities to slip due to changes in stress levels. 
According to them, mining in Stage I (Ylmefors et al., 2022) normally causes large convergence 
between the hanging wall and footwall, which leads to large unclamping on the discontinuities 
in the footwall. 
 
Moreover, caution should be taken when assessing the effects of geological structures on 
ŜȄŎŀǾŀǘƛƻƴǎΣ ŀǎ ǿŀǊƴŜŘ ōȅ aŀƭƻǾƛŎƘƪƻ όнлннύΥ άaŀƴȅ ƳƛƴŜǎ όŀƴŘ Ŏƻƴǎǳƭǘŀƴǘǎύ ǘŜƴŘ ǘƻ ǎŜŀǊŎƘ ŦƻǊ 
ŀ άƎǳƛƭǘȅέ ƎŜƻƭƻƎƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ŦƻǊ ŜǾŜǊȅ ŘŀƳŀƎƛƴƎ ǎŜƛǎƳƛŎ ŜǾŜƴǘ ōŀǎŜŘ ƻƴ source location and 
ƎŜƻƭƻƎƛŎŀƭ ƳŀǇǇƛƴƎ ƻǊ ƛƴŜƭŀǎǘƛŎ ǎǘǊŜǎǎ ƳƻŘŜƭƭƛƴƎέΦ !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŀǳǘƘƻǊΣ ǘƘŜ ŎƻƻǊŘƛƴŀǘŜ ƻŦ ŀ 
source in the seismic catalogue usually indicates the location of source initiation and the later 
larger failure (e.g., slip) can occur in other place(s). In addition, the source process may not 
necessarily represent slip along a fault or shear rupture. There are cases of large seismic events 
in the form of cascading damage of multiple tunnels or pillars, where geological structures did 
not play a dominant role. 
 

3.1.6 Ore passes 

3.1.6.1 Ore pass systems 

Ore pass systems (Figures 22 and 23) are a safe and economic method commonly used by 
underground mines to transport blasted rock between levels (Bunker et al., 2015). According to 
Hadjigeorgiou et al. (2004), usually ore pass dimensions range from 1.5 to 4 m, which is 
equivalent to small tunnels. The design of vertical or inclined excavations can be more complex 
than horizontal excavations in tabular ore bodies when ore pass systems can traverse several 
geological regimes. van Heerden (2004) states that ideally an ore pass should be located in a 
geologically stable area where little or no rock stress changes are anticipated, which is not always 
the case. 
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Figure 22. Schematic of a typical ore pass system. From Hadjigeorgiou et al., (2004). 

 

 
Figure 23. Typical layout of a South African Gold Mine ore pass system. From van Heerden (2004). 

 

According to van Heerden (2004), in the South African Mining industry the main ore passes 
usually have a circular shape and the inclination varies from 68° to vertical, with 78° to 84° being 
the most common.  
 
It is important to carefully consider the method of excavation when designing and operating 
mining infrastructure to ensure safety and stability. The way in which excavation is carried out 
can have a negative impact on the stability of an ore pass. This implies that certain methods of 
excavation can increase the risk of this structure collapsing or becoming unstable. 
 
According to Hadjigeorgiou et al. (2004), ore passes are most often excavated either using drill 
and blast techniques or raise bored. The authors highlight the relationship between mechanical 
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excavation and ground disturbance, specifically in relation to the stability of raise bored shafts. 
It is also suggested that mechanical excavation can result in less ground disturbance, which can 
mitigate the risk of instability in these structures. 
 
In the South African Mining industry, the most common method of excavation of a main ore pass 
is by means of raise boring according to van Heerden (2004). There, this method involves drilling 
the ore pass to its required diameter and then supporting and lining it. The advantage of this 
method is that no fractures due to blasting will exist, which may help to maintain stability in the 
surrounding rock mass. The second method involves slipping the original raise bored ore pass to 
the required diameter before supporting and lining it. In this case, fractures due to blasting may 
be present, which could potentially increase the risk of instability in the surrounding rock mass. 
 
The stability of raise bored shafts using the Q system (Barton et al., 1974) as an indicator of rock 
mass quality was investigated and some modifications such as wall stability as the controlling 
factor (rather than roof), excavation orientation relative to structural features and rock 
weatherability, were suggested in order to facilitate the design of vertical and/or inclined 
excavations (Hadjigeorgiou et al., 2004 after McCracken and Stacey, 1989). However, despite 
these modifications, most raise bored excavations do not use reinforcement. This implies that 
while the modifications may improve the stability of these structures, reinforcement is not 
always used to further increase stability. 
 
van Heerden (2004) mentions that in the South African gold mining industry most main ore pass 
systems are located within the shaft pillar. Although it is considered ideal as this is a static stress 
environment, virgin stresses can be in the region of 90 MPa in the deep gold mines. At 3000 m 
depth, an ore pass is most certainly subjected to stress problems. It is also noted that when an 
ore pass is located in a region where the rock mass is not entirely homogeneous, there is a 
possibility that the virgin stress could exceed the strength of the rock. The example of South 
African Gold Mines is illustrated in Figure 24, where layers of quartzite of varying compositions 
are interbedded with weak shale bands and are transacted by occasional strong dyke and sill 
intrusive. 

 
Figure 24. Simplified South African Mining rock properties. From van Heerden (2004). 

 

McKinnon & Ferguson (2018) suggested that to alleviate the high stress problem at great depth, 
during development, modifications to the crown pillar design, including removal of ore passes 
from within production level layouts can be done, as such high stresses are sufficient to cause 
fracturing and overbreak that can weaken the production structures in advance of their 
operational life. 
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When deciding the location of an ore pass system, it is important to consider other types of 
geological weaknesses that may transect the rock mass, such as parting planes, joints, and minor 
faults while major faults and dykes should be avoided (van Heerden, 2004). 
 
Material flow in ore pass systems can have an adverse effect on the stability of excavations. 
Hadjigeorgiou et al. (2004) point out how it can have a negative impact on the stability of 
excavations in mining operations. Material flow can cause damage to exposed surfaces and walls 
through direct abrasion and impact, which can lead to instability in the surrounding rock mass. 
Ore passes may sometimes "hang-up," meaning that the material in them becomes stuck, and 
flow is disrupted. In such situations, it is not uncommon for operators to use blasting to restore 
flow in the ore pass. This practice can cause damage to the walls of the ore pass and further 
endanger its integrity. 
 
Further, Hadjigeorgiou et al., 2004 describe how some mine operators aim to keep an ore pass 
full in order to mitigate the impact loads on the side walls. The authors stated that keeping the 
ore pass full is perceived as an advantage because it provides a confinement that contributes to 
the stability of the ore pass (after Kazakidis and Morrison, 1994). However, keeping an ore pass 
full requires strict procedures, which may not be easy to maintain and enforce while still meeting 
production constraints. In addition, certain types of ore may be susceptible to hang-ups when 
left stagnant, which could potentially lead to disruptions in production and safety issues. 
 

3.1.6.2 Ore pass system at Kiirunavaara Mine 

The mine is currently divided into 10 separate production areas named Blocks (e.g., Block 12) 
with a total of 37 ore passes. Each production area has its own ore pass group in the footwall, 
and depending on the thickness of the orebody, two to four ore passes are assigned to the area. 
The ore passes are raise-drilled with a diameter of 3 m and run between levels 1022 ς 1365 m 
with an inclination of about 60° (Quinteiro, 2018). Between them, the distance is typically  30 or 
50 metres from each other (groups of 4 with 30ς50ς30 m distance; see Figure 25) in the footwall, 
and about 55 to 75 metres from ore contact (Hellberg & Perman, 2021). The volume of the rock 
mass between ore passes is called rock pillars (Ylmefors et al., 2022). The ore passes end at the 
main haulage level 1365 m with a chute so the ore can be emptied into train wagons. The area 
down here is called άTappgruppέ (chute group). 

 
Figure 25. Plan view of the principal layout for group of ore passes. From Hellberg & Perman (2021). 
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The ore pass system in Kiirunavaara Mine is divided into three sections: 1020 to 1165 m, 1165 
to 1252 m, 1252 to 1338 m and 1338 to 1365 m as shown in Figure 26 (a and b) ς front and side 
views. From the production levels, the material is hauled and dumped via loadςhaulςdump (LHD) 
machines into finger raises (Figure 26c), which are angled to reduce material impacts into the 
ore pass walls. Trains transport the material from the bottom of the ore passes to the crusher. 
After crushing, it is reloaded into the skip and hoisted up to the surface (Sredniawa et al., 2022).  

 
Figure 26. Ore pass schematic of Kiirunavaara Mine divided into 3 sections. (a) Front view; (b) Side view; (c) Detailed 
view of a finger raise zone. Modified from Sredniawa et al. (2022). 

 

Other shafts in the footwall include ventilation raises running further into the footwall and 
behind the ore pass groups. Figure 27 depicts the main infrastructure of the transportation 
system in the Kiirunavaara Mine, and the ore passes investigated by Sredniawa et al. (2022) are 
indicated. 

 
Figure 27. Main haulage level at 1365 m, in the Kiirunavaara Mine. From Sredniawa et al. (2022). 

 

Due to high in-situ stresses, geological structures, wearing from the impact of the dumped ore, 
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the original diameter of some ore passes increased substantially with time. Quinteiro (2018) has 
reported that seismic activity around the mining areas has caused rockfalls in some drifts as well 
as ore pass instabilities, resulting in production disturbances. The rockfalls are typically 
associated with seismic events located near the affected area, imposing a hazard to personnel 
and machinery, causing disturbances in the production capacity of the mine. 
 
Skawina (2017) highlights the potential negative impacts of losing an ore pass in a mining 
operation. Losing an ore pass can disrupt the transportation system for the ore, which in turn 
can have a negative impact on productivity. This disruption may be exacerbated by increased 
rock stresses and seismicity at greater depths, which could potentially require a decrease in the 
size of the ore passes, measure that is not feasible for the company, being emphasised by the 
author that would affect the rock transportation. This decrease would further affect the rock 
transportation system and potentially lead to further disruptions in production. It is important 
to maintain a stable and functioning ore pass system in order to ensure the smooth 
transportation of rock and maintain production in a mining operation. 
 
Sredniawa et al. (2022) stated that a failed ore pass can be restored, but the restoration process 
is usually long, costly, and results in disturbances in the transportation of the ore. Quinteiro 
(2018) points out that the damage in the ore passes, in some cases, has led to extensive repair 
work in order to assure production, and that this work consists of filling the ore pass with 
concrete and then raise bore it again. The author informs that, according to LKAB (2018), in 2016 
and 2017, a total of 200,000 m3 of concrete was used in repair work of the ore passes. From 
more recent information from Erismann et al. (2022), it is noted that damaged ore passes are 
refilled with high strength, 80 MPa concrete, where large amounts of cements are used to fill 
volumes of 15,000 to 20,000 m3 per ore pass. It has to be noted that, in their work, the authors 
investigated alternatives to reduce the cement content of this set-up and to reduce the 
environmental footprint of concrete intensive operations. According to the authors, LKAB 
produces roughly 160,000 m3 of concrete and shotcrete every year, of which around 80,000 m3 
are used annually for ore pass rehabilitations. 
 
According to Hellberg & Perman (2021), in a technical report prepared for LKAB on April 23, 
2021, stress-induced failure in the ore pass walls and damage from abrasion and impact loads 
cause increase of the ore pass cross-sectional diameter, which in poor rock conditions and/or 
with unfavourable joint orientations the diameter can grow more. However, according to them, 
this problem can also occur in good rock conditions. 
 
Among other measures, Hellberg & Perman (2021) recommended to keep the ore passes full 
whenever possible to mitigate the problems. Based on literature review and case studies, the 
authors made the following conclusions: 
 

¶ Length. Long ore passes have higher potential for problems, and the use of finger 

raises leads to damage due to impact load on the ore pass walls. 

¶ Inclination. It affects rock mechanical factors in terms of secondary stresses, and 

operational factors in terms of material flow, hang-ups, abrasion, and impact loads. 

¶ Cross-sectional diameter. The current ore pass diameter in Kiruna Mine is 3 m, which 

implies an optimum fragment size between 0.3 and 1 m. 
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¶ Fragment size. It affects the impact load. At the impact, kinetic energy is transferred 

to the ore pass walls. Results from numerical analyses have shown that the use of 

grizzlies can reduce damage to the ore pass walls by 20 times. 

¶ Effects from blasting of hang-ups to restore material flow in the ore pass. It affects 

stability negatively and causes damage to the ore pass walls. 

¶ Ore pass orientation in relation to geological structures and stress state. The angle 

between the ore pass axis and bedding/foliation, when present, should be close to 

perpendicular. The ore pass axis orientation should also be designed in such a way 

that considers the stress state, so that stress induced damage occurs in the sidewalls, 

separate from the abrasion and impact damage. 

¶ Ore pass location. In addition to a favourable ore pass location, which is usually in 

good quality rock mass, considering geological structures and stress conditions, the 

distance between the ore pass and the ore body must also be taken into account. 

Geological constraints and operational factors lead to an optimum location, where 

the cost of potential ore pass rehabilitation is also included. 

 

3.1.7 Ore pass-related seismicity 

In the attempt of detecting spatial variations in seismicity parameters depending on production 
phases, Dineva & Boskovic (2017) identified that along the ore passes the events were shear 
ŜǾŜƴǘǎΣ ƴƻǘ Ƨǳǎǘ άƴƻƛǎŜέ ƻŦ ŦŀƭƭƛƴƎ ǊƻŎƪǎΣ ǿƘƛŎƘ ǊŀƛǎŜŘ ǘƘŜ ƴŜŎŜǎǎƛǘȅ ƻŦ ǎǘǳŘȅƛƴƎ ŀƴŘ ǎŜǇŀǊŀǘƛƴƎ 
the ore pass-related events from the other types of events. The average stress drop showed 
increased values on the footwall side and below, mostly around some of the ore passes. The 
spatial distribution of EI shows increased stresses around and below the production levels and 
yielding around and above the production levels. The areas with increased static stress drop and 
EI > 1 coincide with the locations of the largest seismic events (in the footwall and around the 
caving ore passes). 
 
A back-analysis was conducted by Nordström et al. (2019), who selected 14 seismic events that 
met specific criteria for analysis. The study involved five steps, of which step 2 should be 
mentioned here because, in the process of creating a spatial filter to exclude the ore pass-related 
events, the authors considered the seismic events with hypocentres within a cylinder with a 
radius of 30 m as they were attributed as ore pass-related events that may have been clustered 
around the ore passes. It should be mentioned that the authors highlighted the challenges of 
differentiating ore pass-related events from genuine events and the potential uncertainty 
involved in this process. 
 
After carrying out stress analysis, Hellberg & Perman (2021) defined the required distances from 
ore body to ore pass. These distances vary from production level to production level with the 
ƻōƧŜŎǘƛǾŜ ǘƻ άƳƛƴƛƳƛȊŜ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ŦƻǊ ǎǘǊŜǎǎ-induced failure, based on failure criteria of 
ƳŀȄƛƳǳƳ ǘŀƴƎŜƴǘƛŀƭ ǎǘǊŜǎǎ όмнлκмрл atŀύέΦ ¢ƘŜ ŘƛǎǘŀƴŎŜǎ ŀǊŜ ǎǳƳƳŀǊƛȊŜŘ ōȅ ƭŜǾŜƭ ƛƴ Table 6. 
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Table 6. Required distances between ore body and ore passes, according to Hellberg & Perman (2021). 

Level, Z Required distance 
Comment 

[m] [m] 

1394 170-250   

1510 200-270 
500 m with failure criteria based on 
differential stresses 

1650 300-500 
600 m with failure criteria based on 
differential stresses 

1795 >250   

 

With regards to the required distances between ore passes in an ore pass group, Hellberg & 
tŜǊƳŀƴ όнлнмύ ŘŜŦƛƴŜŘ ǘƘŜ ŘƛǎǘŀƴŎŜǎ ǳƴŘŜǊ ǘƘŜ ŎƻƴŘƛǘƛƻƴ ƛƴ ǿƘƛŎƘ άǘƘŜ ƻǊŜ Ǉŀǎǎ ƎǊƻǳǇ ƛǎ ƭƻŎŀǘŜŘ 
at a distance from the ore body where the maximum tangential stress iǎ ƭŜǎǎ ǘƘŀƴ мрл atŀέΦ 
Keeping these distances would ensure that secondary stresses from an ore pass to not affect the 
ore passes in the vicinity. The distances are summarized in Table 7, where three different 
scenarios regarding the position of the ore pass group in relation to the ore body are presented. 
 

Table 7. Distances between ore passes in an ore pass group, according to Hellberg & Perman (2021). 

Scenario Required distance [m] 

1 Ore pass group parallel to the ore body 15 

2 Ore pass group perpendicular to the ore body 30 

3 Ore pass group in 45° degrees with the ore body 25 

 

The authors identified that ore passes separated 30 m apart from each other can be allowed to 
grow before the stress redistribution start to affect the ore passes in the vicinity. The allowed 
ŘƛŀƳŜǘŜǊǎ ŎŀƭŎǳƭŀǘŜŘ ŀǇǇƭȅ ǿƘŜƴ άǘƘŜ ƻǊŜ Ǉŀǎǎ ƎǊƻǳǇ ƛǎ ƭƻŎŀǘŜŘ ŀǘ ŀ ŘƛǎǘŀƴŎŜ ŦǊƻƳ ǘƘŜ ƻǊŜ ōƻdy 
ǿƘŜǊŜ ǘƘŜ ƳŀȄƛƳǳƳ ǘŀƴƎŜƴǘƛŀƭ ǎǘǊŜǎǎ ƛǎ ƭŜǎǎ ǘƘŀƴ мрл atŀέΦ LŦ ŀƴ ƻǊŜ Ǉŀǎǎ ƛƴ ŀƴ ƻǊŜ Ǉŀǎǎ ƎǊƻǳǇ 
is parallel to the ore body, its allowed diameter is up to 8.5 m. If an ore pass is perpendicular to 
the ore body, its allowed diameter is up to 5 m. 
 
According to Ylmefors et al. (2022), large seismic events located between ore passes have the 
source mechanism of both fault-slip (shear events) and non-shear, and the events located at the 

outer side of the ore passes were all fault-slip type. 35 seismic events out of 145 with ML ² 1.5 
were classified as ore-pass associated events. These events have much larger magnitude than 
that for the mining-front associated events and they could occur at deep locations, far away from 
production. 
 
Ylmefors et al. (2022) stated that seismic data analysis and numerical analyses have 
demonstrated that ore-pass associated events are sensitive to mining-induced disturbances as 
ore passes are under highly stressed condition, and that pillar width seems to be an important 
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parameter to be studied, as it also plays a critical role in terms of the seismicity intensity. These 
authors suggested monitoring the ore pass profile and damage to predict future potential large 
magnitude seismic events. They also checked the ore pass scanning data and concluded that the 
majority of the events located between ore passes could be pillar bursts, which agrees with the 
enlargements revealed by the scanning campaigns conducted by LKAB. 
 
According to Zhang (2022), the footwall drifts are typically located at distances about 10 to 30 m 
from the footwall-ore boundary at Kiirunavaara Mine. The stresses at the footwall drift are highly 
affected by mining activities due to the average thickness of the orebody (around 80 m). In the 
study, the author states that the footwall drifts and ore passes are placed so close to the 
footwall-ore boundary because the mine had not experienced large seismic events by the time 
the main haulage system was designed. 
 
The level of confidence in the source location is important, in order to  to make sure that the 
seismic events located around the ore passes can, in fact, be spatially associated to the ore 
ǇŀǎǎŜǎΦ Lǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ŎƻǊǊŜŎǘƭȅ ŘƛǎǘƛƴƎǳƛǎƘ ƻǊŜ Ǉŀǎǎ άƴƻƛǎŜέ ŀƴŘ ŀŎǘǳŀƭ ǎŜƛǎƳƛŎ ŜǾŜƴǘǎ ǘƻ 
demonstrate that the problem with ore pass-related seismicity goes beyond noise, and that 
actual seismic events have been imposing the necessity for considering the ore pass-related 
ŜǾŜƴǘǎ ƛƴ ǘƘŜ ƳƛƴŜΩǎ ƘŀȊŀǊŘ ŀǎǎŜǎǎƳŜƴǘΦ 9ŀǊƭ et al. (2015) mentioned the different types of 
seismic events that can be detected around an ore pass. The first type of event, referred to as 
Type A, is caused by the mechanical impact of rocks that are being transported through the ore 
pass. The second type of event, referred to as Type B, is caused by stress fracturing of the rock 
mass that surrounds the ore pass. The authors also noted that the seismic signals produced by 
Type A events tend to have lower frequencies than those produced by Type B events. This 
difference in frequency can be quantified using the seismic parameter energy index (EI). As 
mentioned earlier, the EI is a way of measuring the amount of energy released by a seismic event, 
and it can be used to differentiate between Type A and Type B events based on their frequency 
characteristics. 
 
According to Dmitriy Malovichko, director and head of applied seismology ς IMS Australia ς (via 
personal communication, 2023), a variety of seismic events can be observed around ore passes. 
These events can be classified based on the source mechanisms ς and other parameters ς as: 
 

1. Single force (may be upwards, downwards, or inclined) mechanisms ς or Type A. Episodes 

of sudden movement of rocks within ore passes (e.g., impacts of falling rocks applied to 

side walls, initiation of movement of stuck rocks). 

2. Crush-type source mechanisms ς or Type B. Episodes of sudden stress-fracturing on the 

perimeter of the ore passes or failure/damage of pillars between ore passes. 

3. Double-couple mechanisms. Episodes of shear failure in the proximity of ore passes. 

According to Dr. Malovichko,"seismic noise" can be interpreted in two ways and, sometimes, the 
events of the first type aforementioned are called "noise". An alternative is to look at background 
(stationary) waveforms (not events) and treat them as "noise". It may be possible that useful 
information about characteristics and states of the ore passes can be extracted in both cases: 
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a) From source parameters of events, the product of mass and height of falling rocks can be 

inferred from the amplitudes of single force for Type A; increment in the depth of 

fracturing can be evaluated from seismic moment for Type B. 

b) From background noise recorded around ore passes, dominant frequencies may be 

related to the length of empty parts of the ore passes, indicating how full they are. 

Malovichko (2022) showed for tunnels that it is possible to assess the cumulative increase in the 
depth of failure, ВЎὨ, around ore passes from a set of crush-type events. The first approach is 

to associate each crush-type event with a nearby tunnel, derive a parameter called ЎὨ , which 

represents the change in the depth of failure due to the event, and add up all the values to obtain 
ВЎὨ . However, this approach may not take into account events without source mechanisms, 

and their potential contribution to tunnel deformation will not be accounted for. Therefore, the 
author proposed an alternative approach based on the co-seismic strain field, which consists of 
the following steps: 
 

1) Calculate the co-seismic strain field using the seismic catalogue containing events with 

and without source mechanisms. 

The author stated that it is possible to analyse seismic source mechanisms on an 

aggregate basis to infer the characteristics of rock mass deformation, provided that the 

mine has high-quality seismic data. Seismic source mechanisms can be calculated 

automatically for thousands of events per year, which can result in a catalogue of seismic 

events including numerous source mechanisms. This catalogue can be used to convert 

the seismic events into a co-seismic strain tensor field ‐ , which represents the plastic 

strain increment in the absence of excavations. This means that by analysing the seismic 

data, it may be possible to infer the extent of rock deformation caused by seismic activity. 

However, the author also noted that interpretation of the co-seismic strain tensor field 

near excavations requires completing the next additional steps. 

 

2) Project the implosive volumetric part of the co-seismic strain field on nearby tunnels. 

3) Distribute the increase in the depth of failure, ЎὨ , along the tunnel surface using spatio-

temporal mode. 

It is suggested by Malovichko (2022) that the approach described earlier presumes that each 
local volume of the rock mass experiences a characteristic type of deformation, which can be 
assessed by analysing the source mechanisms of seismic events. However, this approach also 
accounts for events without source mechanisms, which may contribute to the derived 
deformation parameters. Overall, considering both seismic events with and without clear source 
mechanisms, allows for a more complete understanding of the rock mass deformation caused 
by seismic activity. 
 
The majority of the ore pass noise recorded at Kiruna Mine is automatically processed and 
accepted in accordance with stablished quality criteria. However, a large part of the seismic 
database actually consists of impact sources that are not related to fracturing of rock mass 
around ore passes. In order to exclude these events from subsequent analysis, some type of 
empirical classification is commonly employed based on features such as distance from ore pass. 
However, while distance to ore pass is a useful feature for classification, other source types may 
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be present in close proximity to the ore passes and can be related to degradation of these 
structures (Gal, 2023). This suggests that the current classification method may not be entirely 
accurate, and alternative approaches may need to be considered in order to better distinguish 
between different types of seismic data related to ore passes in mining operations. 
 

Gal (2023), in a technical report to LKAB, suggested a separation of seismic events related to 
impacts or episodes of sudden movement of rocks in ore passes (Type A events or "ore pass 
noise") from dynamic failure or fracturing within the nearby rock mass (Type B and double-
couple events or "genuine events"). It was noted by the author that a preliminary analysis of 
seismic data around ore passes conducted by IMS (Meyer et al., 2020) found that in addition to 
the ore pass noise, other source types, such as shear and crush type, can be present in close 
proximity to the ore passes. Additionally, the analysis found single force sources with a force 
vector pointing vertical up, which are potentially linked to an ore pass roof rebound when a large 
mass is detached. Given the presence of these different types of sources, it is important to 
separate the noise generated by an ore pass from other sources to better understand its 
structural state. The author also noted that while the noise generated by the ore pass may seem 
relatively easy to distinguish at first, a closer look reveals that some seismic arrivals may not be 
related to the ore pass noise but rather to other sources (Figure 28). 

 
Figure 28. Example of seismograms of ore pass noise. a) A typical seismogram of ore pass noise, where multiple 
arrivals of seismic energy can be observed. b) The largest arrival in the seismogram in a zoomed-in version, where 
it is less clear whether this arrival is ore pass noise or an actual genuine seismic event (from Gal 2023). 

 

In his study, Gal (2023) proposed two classifiers for the ore pass noise classification due to 
differences in properties between the North and the South of the mine. The classification takes 
into account that seismic wave radiation differs for an impact source compared to a seismic 
source represented by genuine seismic events. The author found that around 84% of the 
previously accepted events for the southern part of the mine were ore pass noise whereas for 
the northern part it was around 37%. 
 
From the literature review it has become clear that, after each study, new pieces of information 
point out the problem with the ore pass-related seismicity, revealing that it involved several 
different parameters that should be investigated jointly. According to de Beer et al. (2012), a 
seismic event does not have a single cause. Instead, it can be a product of many factors that 
result in failure in the rock mass. Examples of these factors are: 
 

¶ Geological. Pre-existing planes of weakness such as faults and contacts between rock 

types. 

¶ Time. The process of extracting rock redistributes stress around the rock mass over days, 

months, or years. 

a b 
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¶ Production practices. This includes blast rates, tonnages, and locations as well as mine 

geometry and sequencing, which can lead to stressed pillars that can fail. 

 

3.1.8 Volume of mucked material in the ore passes 

Sredniawa et al. (2022) stated that the total throughput in the ore passes is a factor impacting 
the calibration of the longevity chart. In Figure 29, the blue bars show the total tonnage passing 
through each of the ore passes from January 2013 to January 2021. The coloured horizontal lines 
show the renovation of the sections (if any occurred). Op_1 to Op_3 were affected by a seismic 
event and were not renovated. 

 
Figure 29. Throughput and renovation times of the ore passes. From Sredniawa et al. (2022). 

 

Another factor that could impact the calibration of the longevity chart as proposed by Sredniawa 
et al. (2022) is the occurrence of large ore pass-related seismic events. Dahnér & Dineva (2020) 
observed a cyclic behaviour of the stress changes for several periods of time. In their study, a 
stress increase was detected starting at 6:00 am and was related to the start of the work shift or 
mucking activity in ore pass 343, about 170 m from the stress cell. The authors noted that at 
Kiruna Mine, this activity is carried out semi-continuously into ore passes during morning and 
afternoon shifts. According to the authors, between the stress cell and this ore pass, two other 
ore passes (341 and 342) are situated, and both had grown substantially in size. The authors 
stated that ore pass 341 was even permanently closed for production. 
 

3.1.9 Investigation of ore passe growth 

At Kirunavaara Mine, laser scannings and video inspections have been used as means to 
investigate, in detail, the conditions of the ore passes. Images obtained from the video 
inspections can help in the identification of types of deformation, such as stress-induced failure 
(spalling), which was observed when excavating, e.g., the lower part of ore pass group 22, where 
the rock mass quality was poor (Hellberg & Perman, 2021). Figure 30 shows captured images of 
the conditions of ore passes 223 and 221, at approximately level 1200 m. 
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Figure 30. Images showing the conditions of ore passes 223 and 221. Left: Ore pass 223, at level 1165 m. Right: Ore 
pass 221, at level 1200 m. Raise-boring was completed in 2012 and, at that time, mining was at level 878 m, through 
907 m. From Hellberg & Perman (2021). 

 

Images of the scanned ore passes together with the source locations of the large OPE are shown 
in Figure 31. 

 
Figure 31. Ore pass growth showed by the scanned surfaces. Southern ore pass groups: OP 26 (left), OP 30 (centre), 
and OP 34 (right). The large OPE with source locations within a 30-metre radius from the centre of the ore passes 
are represented by the spheres.  

 

For more information on the scanning campaigns and the large OPE, see sections 6.4.2 and 6.5.3, 
respectively. 
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4 Ore pass-related seismicity at other mines 

During the literature review, it was noticed that studies involving seismicity and ore passes are 
scarce, as ore passes are usually located further apart and therefore do not interact, which 
makes most of the information found on this topic produced in cooperation with LKAB. However, 
the ore pass system at Kiirunavaara Mine has a layout that is special to that mine, which probably 
has been contributing to increased seismic activity. In this chapter, ore pass stability at other 
mines is summarised. 
 

4.1 Brunswick Mine, Canada 

Esmaieli (2010) analysed the stability of ore pass systems at the Brunswick Mine in Canada. The 
author collected data on the current and past ore pass practices at the mine site and focused on 
the influence of ore pass geometry and configuration, rock mass and stress regime, and ore pass 
operating practices. The author noted that the integrity of ore pass systems can be compromised 
by changes in stress and the presence of fractures in the rock mass. It was also found that the 
impact loads of rock fragments passing through an ore pass can damage the ore pass walls, and 
blast-induced damage for removal of material hang-ups in an ore pass can also contribute to ore 
pass wall degradation. 
 
To simulate the influence of particle flow impact, Esmaieli (2010) integrated the influence of 
material impact by projecting a discrete rock fragment against the ore pass walls represented by 
the synthetic rock mass. According to the author, this can mitigate wall damage as a result of 
material flow in an ore pass. 
 
With regards to seismicity, Esmaieli (2010) stated that it is related to the massive sulphides and 
the dykes due to the brittleness of these rock units. It was also noted that extraction ratios over 
70% and mining of deeper zones have led the mine to high stress conditions and a high rate of 
seismic activities. 
 
Esmaieli (2010) described the ore pass systems at the Brunswick Mine, which is spread over a 
wide area. The mine has developed multiple ore pass systems over time, with approximately 25 
ore pass systems constructed and a total length of 7,200 m. However, at the time of the study, 
only 10 of these systems were still in operation, while the rest have been abandoned either due 
to the depletion of material to be transferred or operational failures such as critical expansion 
of the ore pass section. Figure 32 provides an understanding of the mine layout and the 
distribution of the ore pass systems. 
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Figure 32. Schematic layout of ore passes at Brunswick Mine (not to scale) (from Esmaieli 2010). 

 

One of the case studies in Esmaieli (2010) is related to the 18-21 ore pass system that serves 
mining zones 20 and 21. These mine zones were progressing in an extent to pass each other 
(Figure 33), which has resulted in high stress state concentration around the ore pass complex 
18-21 and seismic activity nearby. 

 
Figure 33. Advancing directions of the mining zones 20 and 21 with respect to the 18-21 ore pass complex. From 
Esmaieli (2010) after Andrieux et al. (2006). 

 

The stress analyses performed on the ore pass complex 18-21 (with two measuring grids placed 
in the elevations 1582 m and 1554 m), indicated that there was a high concentration of stress in 
the North and South walls of the #19, #19A, and #21 ore passes. The magnitude of stresses 
concentrated in the pillars between the three ore passes (140 to 200 MPa) was critical for the 
stability of the ore passes, despite the strength of the surrounding rock mass (UCS 205 MPa). 
The #18 ore pass, however, was located in a stress shadow area, being subjected to lower stress 
conditions. The walls of #19 and #21 ore passes were impacted by high velocity material flowing 
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through them due to the absence of material flow control mechanisms. The dumping of material 
into the #21 ore pass from a dump point located South of the ore pass system resulted in material 
impact on the North wall side of the ore pass, where higher induced stresses had already 
compromised the wall's integrity. As a result, the combination of material impact and high 
stresses caused the #21 ore pass to expand towards the #19A ore pass (Esmaieli, 2010). 
 
Overall, Esmaieli (2010) indicated that the #19A ore pass at Brunswick Mine, situated in an area 
of high stress and recorded seismic activity, had a greater degree of failure on the ore pass walls 
(already compromised by higher induced stresses) aggravated by material impact. 
 

4.2 Williams Mine, Canada 

Earl et al. (2015) carried out analyses on seismic events recorded throughout three Canadian 
underground mines (Williams, Golden Giant, and David Bell) in the period from July 2013 to 
August 2014. The analyses included a failure analysis of an ore pass (ore pass 7 ς OP7) in the 
Williams Mine, which is part of the historic Hemlo gold mining complex, located approximately 
1,100 km northwest of Toronto in Ontario. 
 
The C Zone/Interlake orebody, at Williams Mine, is part of the Hemlo ore-bearing lodes (Figure 
34). According to Earl et al. (2015), the OP7 is the primary passage for transporting the ore from 
the C Zone orebody. The location of OP7 is slightly to the east of the that orebody, and it connects 
to automated ore handling infrastructure between 10,030 and 9,175 mRL (metres relative level). 
In 2008, there was a failure of OP7, which made the ore pass unusable to a certain extent. 
According to a geological investigation, the cause of the failure was a geological structure. OP7 
was then replaced with a new bypassing ore pass, referred to as OP7A, which failed in 2010. This 
new ore pass was located approximately 20 meters south and west of the original OP7 (Earl et 
al., 2015). 
 
The failures of both OP7 and OP7A elongated from northwest to southeast with respect to the 
B Zone mine grid, indicating that the major principal stress direction is sub-parallel to the C Zone 
orebody towards the northeast. It is noted that this elongation direction is different from 
historical stress-induced failures of ore passes in the B Zone, such as Ore Pass 5 (OP5) in 2003. 
The failures of these B Zone ore passes strike west to east, which agrees with the expected major 
principal stress direction to the north. Figure 34 demonstrates the difference in orientation of 
the OP7/OP7A (C Zone) failures with that of OP5 (B Zone), indicating that the C Zone orebody 
may have different geological and stress characteristics compared to the B Zone orebody (Earl 
et al., 2015). 
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Figure 34. Comparison of ore pass failure orientation between B Zone and C Zone at Williams Mine. From Earl et al. 
(2015). 

 

According to Earl et al. (2015), in November 2013, the number of seismic events recorded around 
OP7 increased significantly. A process of filtering data around OP7 was necessary to better 
understand the nature of seismic events. The filtering criteria used required events recorded by 
more than 11 sensors and have a moment magnitude greater than -0.8. This resulted in a total 
of 14 events being used for analysis. Seven of the events were described by a single- force 
mechanism with positive downward impulse, indicating mechanical impact of rocks (Type A 
events). These events are shown as smaller solid-coloured spheres in Figure 35. The remaining 
seven events were described by moment tensor solutions, indicating stress fracturing (Type B 
events). These events are shown as larger "beach balls" in the image. The authors also noted 
that the seismic P-ŀȄŜǎΣ ǿƘƛŎƘ ŀǊŜ ŀ ǇǊƻȄȅ ƻŦ ˋ1 (the maximum principal stress), are 
approximately parallel with the strike of the C Zone orebody and have a similar orientation to 
the OP7/OP7A failures. This information provides additional context for understanding the 
nature of the seismic events around the ore pass. 

 
Figure 35. Seismic events recorded around OP7, up to January 2014, prior to OP7 failure. The solid-colored spheres 
are single-force mechanism/positive vertical component events corresponding to mechanical impact of rocks (Type 
(A) events). From Earl et al. (2015). 
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OP7 experienced increased seismic activity in 2014. The source mechanism analysis was 
repeated on events from November 2013 up to the failure, using 87 events with the same higher 
order filters as previously applied. 
 
Earl et al. (2015) described how the seismic events recorded around the OP7/OP7A ore passes 
were associated with stress fracturing. The location of these events and the principal axes of 
their source mechanisms were found to be in agreement with the measured profile of the ore 
pass, which was a useful indicator of ore pass wear during back-analysis. This led to the 
expansion of the analysis technique to other ore passes at Williams Mine. The authors noted 
that a benefit of this technique is that it allows for the investigation of localized variations in 
stress directions and the combination of individual results to characterize the lateral variation of 
the stress field along the entire extent of the Hemlo orebody strike. 
 

4.3 South African ultra-deep mines 

A South African program called DEEPMINE Collaborative Research Programme (1998-2002) had 
the premise of developing the technology and competence to mine gold more safely at ultra-
depth (3 to 5 km). One of the findings of the program was that high virgin and mining-induced 
stresses in South African gold mines, in the Witwatersrand basin, could cause the walls of ore 
passes to spall, leading to the deterioration and failure (Vieira & Durrheim, 2015). The authors 
of the study in question concluded that excavating and supporting shafts and stope rock passes 
(sub-vertical excavations made below stopes to allow for the transfer of rock from stoped faces 
by means of gravity) at great depths (up to 5 km) is feasible, provided that the rock conditions 
are not particularly adverse. The authors mentioned that numerical modelling was used to 
develop practical approaches to reduce the risk of ore pass failure, specifically by adjusting 
mining layouts and sequences. The stability of the ore passes is said to depend on the overall 
layout design, which suggests that the way in which the mining operations are organized and 
planned can play a crucial role in ensuring the stability and safety of the ore passes. 
 
Ideally, according to Vieira & Durrheim (2015), ore passes at ultra-depth (Figure 36) should be: 
 

a) Placed in competent rock, or lined, if in a very weak and jointed rock mass and in potential 

impact zones to prevent damage to support units and to redistribute lateral stresses; 

b) As small as possible (while maintaining a suitable ore pass/ rock size ratio to prevent 

blockages) to reduce the area of rock exposed to damage and to reduce support 

requirements and cost; 

c) Supported during development to prevent falls of loose rock, control spalling, and to 

prevent erosion of loose and fractured sidewall; 

d) Inclined between 60° and 70°, and orientated as close as possible to the direction of 

maximum field stress; 

e) Kept full to inhibit deterioration by providing confinement and reducing impact shock; 

and 

f) Regularly monitored and maintained. A tri-rock pass system is recommended to enable 

regular monitoring and rehabilitation. 
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Figure 36. Best practice for ultra-deep ore passes. From Vieira & Durrheim (2015). 

 

Vieira & Durrheim (2015) discussed the potential risks associated with double-sided extraction 
in mining operations at ultra-depths. The authors noted that the rate of extraction would be 
potentially higher in stopes subjected to double-sided extractions, which can have benefits for 
mining efficiency. However, sudden loading of regional pillars and an increase in the rate of face 
seismicity could occur as a result of this extraction method. These aspects must be investigated 
prior to the implementation of a double-sided extraction sequence at ultra-depth. Therefore, 
the authors suggest that care must be taken when planning double-sided extraction operations, 
and that these potential risks must be carefully investigated prior to the implementation of such 
a sequence at ultra-depth. 
 

4.4 A case study on ore pass noise 

Woodward & Tierney (2017) focused on two main cases that resulted in underestimation of 
seismic hazard: 
 

¶ Multiple, spatially superimposed sources of seismicity. 

¶ Sources of seismic noise that are spatially superimposed with real seismicity. 

The authors mentioned an example at an Australian mine, where the seismic hazard was 
underestimated due to seismic noise associated with tipping material in an ore pass, which 
resulted in a bimodal frequencyςmagnitude relation. According to them, an underestimated 
seismic hazard may result in insufficient controls and an increased risk to personnel, therefore 
care must be taken when dealing with estimation of seismic hazard. 
 
Woodward & Tierney (2017) studied the spatial variation of the seismic hazard in a certain mine. 
In that study, the authors used a grid-based assessment to examine seismic hazard and noise 
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surrounding ore passes. This method is described as a useful tool for assessing seismic hazard, 
but it may need to be carefully interpreted and adjusted to account for contamination and other 
factors that could affect its accuracy. In the area studied, the seismicity was contaminated with 
tipping noise, which could also include smaller events associated with stress fracturing. However, 
it was not clear whether these smaller events were real or not, which lead the authors to the 
conclusion that the presence of tipping noise may result in underestimation of local seismic 
hazard. 
 
Woodward & Tierney (2017) described the result of a grid-based assessment of seismic hazard 
around two ore passes, A and B. The number of seismic events neighbouring each grid point is 
shown in Figure 37a, and the probabilistic seismic hazard for the best fit distribution is shown in 
Figure 37b. Seismic hazard is expressed as the annualized probability of an event greater than 
ML 1.5 within 100 m, assuming current rates continue. The authors noted that there is no 
apparent difference in seismic event density between ore passes A and B, but there is a 
significant difference in the relative seismic hazard surrounding each ore pass. Both ore passes 
exhibit bimodal frequency-magnitude distributions, but the seismic hazard surrounding ore pass 
B is much higher than that surrounding ore pass A. 

 
Figure 37. a) Number of events surrounding each grid point. b) Probabilistic seismic hazard for the best fit 
distribution. From Woodward & Tierney (2017). 

 

Woodward & Tierney (2017) stated that the identification of high seismic hazard areas is crucial 
in assessing the risk of failure of unsupported infrastructure such as ore passes. Figure 38 shows 
the frequency-magnitude distributions and parameters of the spatial volumes surrounding ore 
passes A and B. The analysis revealed that both noise and real seismic events can be observed 
around both ore passes. However, the seismic response around ore pass B is more likely to 
generate larger events than that around ore pass A. 

 
Figure 38. Typical frequencyςmagnitude distributions and parameterization for the spatial volumes surrounding ore 
passes A and B. From Woodward & Tierney (2017). 
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5 Methodology 

This study comprises the analyses conducted on specific volumes created in mXrap and 
subsequent characterisation work. These volumes correspond to the ore pass areas in the 
northern and southern areas of Kiirunavaara Mine. The North area includs the ore pass groups 
in the production Blocks 08, 10, 12, and 15. The South area includs the ore pass groups in the 
production Blocks 26, 30, and 34. 
 
The characterisation work was conducted taking into consideration the spatial distribution of 
the source parameters, such as energy index, apparent stress, cumulative moment, cumulative 
energy, cumulative displacement, and cumulative apparent volume of the OPE with ML җ -1.5 
within a zone of 30 metres from the centre of the ore passes. The focal mechanism types and 
direction of the pressure axes were used to separate ore pass noise (-1.р Җ aL Җ -0.5) from the 
so-called genuine seismic events (ML > -0.5). The large OPE were considered as having local 
magnitudes ML җ мΦр, in line with previous studies. Ultimately, the correlation between the 
volume of mucked material (M), the number of seismic events (N), and the released energy (E) 
was studied for different periods and for different ore pass groups. 
 
Figure 39 shows a flowchart that summarises the methodology used in this work. 
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Figure 39. Summary of the methodology used. 

 

The following topics describe in detail each step in the flowchart showed by Figure 39. 
 
1: Selection of the studied areas. 

¶ Selection of production blocks: northern production blocks (08, 10, 12, and 15) and 

southern production Blocks (26, 30, and 34). 

 

2: Creation of volumes in mXrap containing the ore pass groups of the selected production 

Blocks. 
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¶ Information on the periods when the ore passes in each volume were fed with mucked 

material (production), under rehabilitation, and rock filled. 

¶ Time filter with all seismic events with ML җ -1.5, from November 2008 to March 2023. 

Since the ore passes are located in the footwall, the hanging wall events were excluded. 

¶ Filter with all seismic events with ML җ -1.5 occurred within the period corresponding to 

the mucking activities (production in the ore pass groups selected). 

 
3: Definition of the seismogenic zones. 

¶ To get a first impression of the extent of the seismogenic zones related to the ore passes, 

an analysis of the cumulative number of events was done for a 180-metre radius from 

the centre of the ore passes. 

¶ The tool Event Density Isos was used in mXrap. A 30-metre radius from the centre of the 

ore passes was then defined as a standard for the characterization analyses. 

 
4: Characterization of the OPE with varying local magnitudes. The characterization was done 
after analysis of the pressure axes, the focal mechanisms, and the spatial distribution of the 
seismic source parameters, varying the magnitudes to identify magnitude ranges in which 
patterns could be observed. 

¶ Principal Axes Density plots were used to check the direction of the pressure axes under 

different magnitude ranges. 

¶ Hudson plots were generated to make known the types of focal mechanism of the OPE, 

under different magnitude ranges. 

¶ Grid-based analysis. To visualize the spatial distribution of different seismic source 

parameters (energy index, apparent stress, cumulative moment, cumulative energy, 

cumulative displacement, cumulative apparent volume, and b-value) within and without 

the seismogenic zone, and for different magnitude ranges, a plane containing the ore 

passes (parallel) and planes representing different depths, perpendicular to the ore 

passes, Z1 = 1100 m and Z2 = 1300 m, were created on mXrap. 

¶ Frequency-Magnitude (Gutenberg-Richter) charts were used to identify, for each ore 

pass group, differences in b-value in different magnitude ranges. 

 

5: The volumes were divided into depth zones (Z1: from -1000 to -1200 m; Z2: from -1200 to -
1400 m) to check possible variations, with depth, of the characteristics above mentioned. 
 

6: Correlation of the available mucking/loading data, from the selected ore pass groups, with the 
OPS. The periods adopted are related to the start of production/mucking in each of the ore pass 
groups selected for this study, ending in March 2023. 

¶ Analysis of the relationship between seismic activity (number of seismic events ς N) and 
volume of mucked material (M) in the ore passes. 



  

81  

o The possibility of a relationship between N and M was investigated using the 

production and the seismic data in mXrap, provided by LKAB. These variables 

were analysed in graphs generated in Microsoft Excel. 

o Similar analysis for analysing the relationship between released seismic energy 

(E) and M was done for ore pass groups 10, 12, and 34. 

 
7: Checking of possible effects of ore pass practices (rehabilitation and rock filling) on seismicity. 

¶ With the available information on the periods when the ore passes were under 

rehabilitation or rock filled, possible impacts of these practices were investigated adding 

such information to the graphs generated in 6). 

 
It is important to mention that all analyses involving large seismic events considered the events 
with ML җ мΦрΣ ŀǎ in Ylmefors et al. (2022). 
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6 Results 

Results in this thesis are obtained related to the characterization of the OPS, which takes into 
account topics such as spatial distribution of the OPE and OP seismogenic zone, the OPE in 
different scenarios of production and depth, distribution of the OPE seismic source parameters, 
the relationships between OP seismic activity in number of events (N) and OP feeding in terms 
of volume of mucked material (M) ς and between N and radiated seismic energy (E) for some of 
the OP groups studied ς and a brief characterization of the large OPE. 
 
The necessary data for the development of this work was accessed from the LKAB seismic 
database. The analyses were ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ !/DΩǎ ǎƻŦǘǿŀǊŜ Ƴ·ǊŀǇ όIŀǊǊƛǎ ϧ ²ŜǎǎŜƭƻƻΣ нлмрύΣ 
where most of the figures were generated. Microsoft Excel was also used for the analysis of the 
data and for the creation of graphs. A seismic event was considered as OPE if it was located 
within a 30-metre radius from the centre of the corresponding ore passes (roughly, the core of 
the event densities). The referred 30-m distance  corresponds to the seismogenic zone and was 
defined after analysing the event densities of the seismic events in the footwall and the 
cumulative number of events, which is discussed in more detail in sections (6.1 and 6.2). 
 
For the characterization of the ore pass-related events, the footwall seismic events were 

restricted to those events of magnitude with ML ² -1.5, the average magnitude of completeness, 
within a radius of 30 metres from the centre of the ore passes, in periods corresponding to the 
first and last day of mucking in each ore pass, until 2023-03-31, 23:59:59. The extension of the 
seismogenic zone was determined, and the source characteristics of the events were described 
in terms of magnitude, number of events, direction of the pressure axes, focal mechanisms, and 
spatial distribution of the source parameters such as apparent stress, energy index, cumulative 
moment, cumulative energy, cumulative displacement, cumulative apparent volume, and b-
value. In addition, the history of the ore passes was taken into consideration, i.e., number of 
times each ore pass was rehabilitated and when they were rock-filled, and when there were laser 
scanning campaigns (when the information was available). 
 
The characterization of the pressure axes and the focal mechanisms was done with the aid of 
plots (principal axes density plots and Hudson diagrams, respectively) by varying the magnitude 
of the events and examining changes in the directions of the P-axes and the type of mechanism. 
The changes were followed for different scenarios: with production and without production 
(when a smaller number of ore pass noise events is expected). 
 
A change in b-value was also observed for different magnitude ranges, in both scenarios.  

 

6.1 Spatial distribution of the ore pass-related events and determination of the 
seismogenic zone 

In order to define what seismic events should be studied in the characterization of the ore pass-
related events, first, the seismogenic zone in the ore pass groups was identified using the Event 
Density Isosurfaces plot in mXrap, followed by an analysis of the cumulative number of events 
within a radius up to 180 metres from the centre of the ore passes. The seismic events 

considered for the analyses were the footwall events with ML ² -1.5. Figure 40 shows the Event 
Density plots for Blocks 12 (North) and 34 (South). Note that the shape of the areas with lower 
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density vary considerably. 

 
Figure 40. Event Density Isosurfaces (number of events in a 100 x 100 x 100 m cube) of the footwall seismic events 

(ML ² -1.5) with focus on the ore pass groups in (a) Block 12 and (b) Block 34. The arrows show the extension of the 
seismogenic zones. 

 

From the analysis of the event density isosurfaces using the total number of events; left Y-axis, 
the cumulative number of events up to a distance of 180 m from the centre of the ore passes 
was plotted (Figure 41). It can be noted that between 20 and 30 metres from the ore pass centre, 
there is significant decrease in the number of events. For that reason, a radius of 30 m was 
defined as the radius of the seismogenic zone of the ore pass groups. 

 
Figure 41. Histogram of number of events at distances up to 180 m from the centre of the ore passes: (a) Block 12 
and (b) Block 34. 

 

The analyses focused on the footwall events within the period corresponding to production in 
the ore passes, from Z = -1000 m to Z = -1400 m. Later, the following analyses focused on the ore 
pass-related events, which are the events within a 30-metre radius from the centre of the ore 
passes. 
 

6.2 Analysis of the footwall seismic events 

This subsection presents an overview of the available seismic data from 2008-11-17 to 2023-03-
31 in the footwall, where the ore passes are located. The analysis considered all ML җ -1.5 seismic 
events located in the footwall, excluding the hanging wall events.  The magnitude ML = -1.5 is 
the average magnitude of completeness for the whole mine (Dineva and Boskovic, 2017). 
 
Within the analysed period there are 4,142,279 events seismic events with ML җ -1.5 in the 

a) b)

a) b)
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footwall, 61% of which are related to the ore passes (see Table 8 and Figure 42). In total there 

were 112 seismic events in the footwall with magnitudes ML ² 1.5. 25% of them (28 events) were 
OPE. For the analysis purposes the footwall seismic events were counted in 5 magnitude ranges 
(Rg1 to Rg5, Table 8). Magnitude ranges Rg4 and Rg5 are used to roughly separate the genuine 
seismic events from the ore pass noise, Rg4 being the larger (ML җ -0.5) ς or genuine ς events, 
and Rg5 the smaller (-мΦр Җ aL < -0.5) events ς or ore pass noise. The magnitude -0.5 is defined 
as a boundary for the most OPE later in this chapter. 
 

Table 8. Summary of the footwall and ore-pass-related events (OPE) by category (R1 to R5). 

Footwall seismic events 

    Magnitude range Focus Number of events (N) % 

All events 
  

ML җ -1.5 
Footwall 4,142,279 100 

  Ore pass-related 2,525,918 61 

Large 
events 

Rg1 ML җ мΦр 
Footwall 112 100 

Ore pass-related 28 25 

Rg2 мΦр Җ aL < 1.9 
Footwall 89 100 

Ore pass-related 21 24 

Rg3 мΦф Җ aL < 2.5 
Footwall 22 100 

Ore pass-related 7 32 

 Larger 
events Rg4 ML җ -0.5 

Footwall 106,755 100 

  Ore pass-related 26,048 24 

Smaller 
events  

Rg5 -мΦр Җ aL < -0.5 
Footwall 4,035,524 100 

Ore pass-related 2,499,870 62 

Period: 2008-11-17 to 2023-03-31  

 

  
Figure 42. Number of ore pass-related events (OPE) in relation to the total number of events in the footwall per 
magnitude range/category (Rg1 to Rg5) as described in Table 8. 
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Part of the mine infrastructure is represented by the blue lines (Figures 43 to 46), illustrated on 
a vertical section, looking east, corresponding to the area between levels 849 and 1365 m, 
including the ore passes. The upper row of ore passes is related to the haulage level 1045 m, and 
the lower row is related to the current haulage level, 1365 m. Figure 43 shows the density of all 
seismic events in the footwall. The highest density values coincide with the ore passes, especially 

between levels 1022 and 1365 m. The large footwall events (ML ² 1.5) and their densities are 

shown in FiguresFigure 44 andFigure 45, respectively, and the large OPE (ML ² 1.5) are shown in 
Figure 46. 

 
Figure 43. Event Density Isosurfaces (number of events in a 100 x 100 x 100 m cube) for all footwall events with ML 
җ -1.5 from November 2008 to March 2023, between levels 849 and 1365 m on a vertical section of the mine, looking 
east. Only the numbers of the blocks studied in the thesis are shown. 

 
From Figure 44, it can be seen that the large events in the footwall (Rg1) occur more frequently 
on the southern side of the mine. 

N

B08 B10 B12 B15 B26 B30 B34
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Figure 44. All ML ² 1.5 footwall events (Rg1) from November 2008 to March 2023 between levels 849 and 1365 m 
on a vertical section of the mine, looking east. The seismic events are represented by spheres. The magnitudes are 
indicated by the colours, according to the legend on the right. 
  

The density of the large seismic events (Rg1) in the footwall is shown in Figure 45. In comparison 
with the analysis of all seismic events shown in Figure 43, it reinforces the observation that  most 
of the seismicity in the footwall is associated with the ore passes. 

 
Figure 45. Event Density Isosurfaces (number of events in a 100 x 100 x 100 m cube) for all large footwall events (ML 
җ -1.5 ς Rg1) from November 2008 to March 2023 between levels 849 and 1365 m on a vertical section of the mine, 
looking east.  

 

N

B10 B12 B15 B26 B30 B34

B08 B10 B12 B15 B26 B30 B34

N



  

87  

 
Figure 46. Ore pass-related events (OPE) with magnitude ML ² 1.5 (Rg1) from November 2008 to March 2023 
between levels 849 and 1365 m on a vertical section of the mine, looking east. The seismic events are represented 
by spheres in colours, according to the legend at the right.  

 

6.3 Characterization of the ore pass-related events 

6.3.1 Principal Axes Density plots and Hudson diagrams 

The density of the Principal axes from moment tensor solutions was used to define the types of 
the events included in the sample: genuine events, e.g., fracturing around the ore passes or ore 
pass noise, e.g., seismic noise from the falling rock blocks hitting the walls of the ore passes. It 
was expected that if the events are genuine, their pressure axes would be close to the observed 
sub-horizontal orientation, which is the expected direction of sigma 1. If the events are ore pass 
noise their pressure axes would correspond to a single-force orientation ς or would be 
subvertical. The mechanism of the events was also explored using the Hudson diagrams. In this 
case, the genuine events were expected to be predominantly either crush or double-couple 
types. On the other hand, the ore pass noise mechanism type would be of tensile type, which 
corresponds to a single-force mechanism. 
 
The following figures show the Principal Axes Density plots for each ore pass group (Figures 47 
and 48 ς northern and southern ore pass groups, respectively), and the Hudson diagrams 
(Figures 49 and 50 ς northern and southern ore pass groups, respectively). A comparison 
between smaller and larger events is made. A period of time is set for each ore pass, 
corresponding to the start and end of the mucking activities (ore pass feeding). 2023-03-31 is 
the end for the data used in this study. 
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Figure 47. Principal axes density plots (pressure axes) of the ore pass-related events ς Lower hemisphere and equal 
angle, northern ore pass groups. Left: seismic events with magnitude -1.5 Җ ML < -0.5. Right: seismic events with ML 
җ -0.5. a) and b) OP group 08; c) and d) OP group 10; e) and f) OP group 12; g) and h) OP group 15. 
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Figure 48. Principal axes density plots (pressure axes) of the ore pass-related events ς Lower hemisphere and equal 
angle. Southern ore pass groups. Left: seismic events with magnitude -1.5 Җ ML < -0.5. Right: seismic events with ML 
җ -0.5. a) and b) OP group 26; c) and d) OP group 30; e) and f) OP group 34. 

 

It can be seen from the figures that, in general, the smaller events show a vertical or subvertical 
direction of the pressure axes, whereas the larger events present a horizontal or sub-horizontal 
direction. 
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Figure 49. Hudson diagrams showing the types of mechanism of the ore pass-related events. Northern ore pass 
groups. Left: seismic events with magnitude -1.5 Җ ML < -0.5. Right: seismic events with ML җ -0.5. a) and b) OP group 
08; c) and d) OP group 10; e) and f) OP group 12; g) and h) OP group 15. 
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Figure 50. Hudson diagrams showing the types of mechanism of the ore pass-related events. Southern ore pass 
groups. Left: seismic events with magnitude -1.5 Җ ML < -0.5. Right: seismic events with ML җ -0.5. a) and b) OP group 
26; c) and d) OP group 30; e) and f) OP group 34. 

 

It can be seen from the Hudson diagrams that the smaller events can have both tensile and 
compressive mechanisms, whereas the larger events have mostly compressive. 
 

6.3.2 Characterization of the ore pass-related events with varying depths 

The volumes in mXrap were divided into two depth zones (Z1: from -1000 to -1200 m; Z2: from 
-1200 to -1400 m) in order to investigate possible variations in seismic characteristics with depth. 
Figure 51, a and b, illustrates the two depth zones created for ore pass group 34. 

 
Figure 51. Vertical section view of ore pass group 34, between levels 1022 and 1365 m, looking east. Event densities 
divided into depth zones. a) Z1: -1000 m to -1200 m. b) Z2: -1200 m to -1400 m. 
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Figures 52 and 53 show the Principal Axes Density plots per depth zone in B12 and B34, 
respectively, for two magnitude ranges (smaller and larger ore pass-related events). In OP group 
12, horizontal P-axes start to appear in the plot at ML > -0.4, whereas in OP group 34 the 
horizontal axes appear at ML > -0.8. There is no change with depth for both magnitude ranges. 

 
Figure 52. Principal axes density plots (pressure axes) of the ore pass-related events ς Lower hemisphere and equal 
angle. Op group 12. a) and b) Z1; c) and d) Z2. 

 

 
Figure 53. Principal axes density plots (pressure axes) of the ore pass-related events ς Lower hemisphere and equal 
angle. OP group 34. a) and b) Z1; c) and d) Z2. 

 

Figures 54 and 55 show the Hudson diagrams for different magnitude ranges per depth zone in 
OP group 12 and OP group 34, respectively, for two magnitude ranges (smaller and larger ore 
pass-related events). There is a change in the type of the source mechanism with depth 
depending on magnitude range. In OP group 12, the type of the source mechanism changes from 
mostly tensile failure to mostly compressive failure with depth from around ML -0.4, whereas in 
OP group 34 the change happens from around ML -0.8. There is no change with depth for the 
larger events; the type of the mechanism remains compressive failure. 
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Figure 54. Hudson diagrams showing the types of mechanism of the ore pass-related events. OP group 12. a) and b) 
Z1; c) and d) Z2. 

 

 
Figure 55. Hudson diagrams showing the types of mechanism of the ore pass-related events. OP group 34. a) and b) 
Z1; c) and d) Z2. 

 

6.3.3 Spatial distribution of the seismic source parameters of the ore pass-related events 

A grid-based analysis in 2D (plane-based analysis) was performed in mXrap to describe the spatial 
distribution of the seismic source parameters within the whole period (2008-11-17 to 2023-03-
31). For all cases, three planes were created: one plane parallel to the ore passes and two 
perpendicular (Appendices A and B ς sections 11.1 and 11.2, respectively). For the analyses, all 
seismic events in the footwall with ML җ -1.5 were considered aiming to identify a difference 
between the ore pass-related seismicity and the regular seismicity in the footwall. Figure 56 
shows in perspective the planes created for OP group 34 as an example. 
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Figure 56. View of the planes generated for the grid-based analysis in mXrap for ore pass group in Block 34. 

 

The following figures show the spatial distribution of the analysed parameters within the period 
2008-11-17 to 2023-03-31. 
 

¶ Proxies for stress: average apparent stress (Figure 57) and average energy index (Figure 
58). 
In general, the northern ore pass groups (12 and 15) show the highest values of both 
apparent stress and energy index around the ore passes. The apparent stress for the the 
larger events (ML җ -0.5) is particularly higher at ore pass group 15, in depths similar to 
that of the region corresponding to the production level. At the southern ore pass groups, 
strong contrasts in apparent stress and energy index values can be noted when 
comparing the results between the filter with smaller events and the filter with larger 
events. 
 

¶ Proxies for deformation: cumulative apparent volume (Figure 59), cumulative 
displacement (Figure 60), and cumulative moment (Figure 61). 
It can be noted from the figures that both cumulative apparent volume, cumulative 
displacement, and cumulative moment show similar distributions for all ore pass groups 
studied, deformation is concentrated mostly in depths similar to that of the region 
corresponding to the production level. Larger events exhibit higher values. 
 

¶ Cumulative energy (Figure 62). 
The distributions of cumulative energy are similar to those of cumulative apparent 
volume, cumulative displacement, and cumulative moment, with larger events showing 
higher values. 
 

¶ Parameter associated with magnitude frequency distribution: b-value (Figure 63). 
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Using a filter for only the smaller events (-1.5 Җ ML < -0.5) it can be noted that the highest 
values are distributed around the ore passes. When analysing the larger events, it can be 
noted that the highst values are concentrated at the bottom of the ore passes. 

 
Figure 57. Grid-based analysis of seismic event density on planes containing the ore passes (parallel). Spatial 
distribution of the average apparent stress for ore pass groups in Blocks 12, 15, 26, 30, and 34. Left column: seismic 
events with ML җ -1.5. Middle column: seismic events with -1.5 Җ ML < -0.5. Right column: seismic events with ML җ 
-0.5. 
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Figure 58. Grid-based analysis of the average energy index on planes containing the ore passes (parallel). Spatial 
distribution for ore pass groups in Blocks 12, 15, 26, 30, and 34. Left column: seismic events with ML җ -1.5. Middle 
column: seismic events with -1.5 Җ ML < -0.5. Right column: seismic events with ML җ -0.5. 

 

  
 

  
 

  
 

 

N N N

N N N

N N N

N N N

N N N

B12

B15

B26

B30

B34



  

97  

 
Figure 59. Grid-based analysis of the cumulative apparent volume on planes containing the ore passes (parallel). 
Spatial distribution for ore pass groups in Blocks 12, 15, 26, 30, and 34. Left column: seismic events with ML җ -1.5. 
Middle column: seismic events with -1.5 Җ ML < -0.5. Right column: seismic events with ML җ -0.5. 
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