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Abstract

The Kiirunavaara Mine in the north of Sweden turned seismically active with large damaging
events in 2007 Therefore, a minavide seismic system was installed in 2008 and has been
continuously expanding since then. A large portion of the recorded seismic events vwi g

in the footwall (61%) is related to the ore passes. Even though the majority of these events are
2NB LI daa ay2iasSé o0S@Syida 2NRAIAYIFGSR o6& -AYLI Ol
related events (OPE) represent a problem to thereation of the seismic hazard in the mine.

The largest recorded event (M.2) could be class#id as OPE. For that reason, it is necessary to
systematically investigate the ore pasdated seismicity (OPS), and hdlns phenomenon

evolvedin space and time.

The ore pass layoun the mine is uniques the 3m wide ore passeare organized in groups of
four, relativelyclose 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 parametesis energy index, apparent stress, cumulative
moment, cumulative energy, cumulative displacement, cumulative apparent volume of the OPE
with ML-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
(-1p K@&5)fromthe genuine seismic events (M-0.5). The mechanism of the smal@PE

was tensiletype, with subvertical orierdtion ofthe pressure axesyhereasthe largerOPEwvas
compressive failurgwith almost horizontal pressure axes. La@BEMLx M dp 0 ¢ SNBE NB:
only around thestudiedsouthern ore pasgroups(OPgroups 26, OP 30, and OP 34jowever

their occurrence starts from OP 22 (not studietihecorrelation between the volume of mucked
material (M), the number of seismic events (N), and the released energy (E) was strdied
different periods and for different ore pass groups. In general, thereaigood correlation
between N and M for the small@®PE andapoor correlation for the large@PE For the released
energy, the results are similar. This confirms that the smé@lREare ore pass noise due the
impacts of the mucked material on the ore pass walls, whereas the I&g&more random in

time, could be related to fracturing in the rock mass.

The results of this worghouldconfer a better understanding of the ore pasdated seismicity
at Kiirunavaara Mine, contributing to a more effective management of the seismic hazaid
providingknowledgethat canhelpthe classification othe ore passrelated eventdy using their
magnitudes and types of mechanism to separate OPE andDirifr Consequently, the seismic
hazard can be estimated for ore pass and {ooe passelated events, separately, providirg
opportunity for further geomechanical raalyses to consider different triggering factors
associated with varying event magnitudedue to either different production scenarios or
different depths

Moreover, the correlation observed betweeolume ofmucked material andumber ofseismic
events offers valuable insights for productistnategiesaimed at seismic management

Keywords:ore pass, miningnduced seismicity, OPS, OPE, ore pass noise, focal mechanisms,
source parameters, seismic hazard
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seismic events with Mxk-1.5. Middle column: seismic events with ® p | 9K0.5a
Right column: seismic events with M-0.5.

Figure 70. Frequendylagnitude (Gutenbergdrichter) charts for the ore passlated
events. a) and b) Scenario with no production in ore passes 341 and 342. ¢)
Scenario involving production in ore passes 343 and 344. In both scenarios, it is
that the bvalue for the smaller events (M -0.5, right column) is higher; the le
column corresponds to all OPE. In the scenario that involves production (c ard
value is at least three times higher. The period analysed is from January to June

Figure 71. a) Vertical section view, looking east, of the ore passes witl
superimposed surveys of the scanned ore passes in the area between levels 7
1365 m. b) Detailed view of the area between Y = 3300 m and Y = 3500 m (Blc
and levels 1R2 and 1365 m. Blue lines represent part of the mine infrastruct
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Locations of orgass related events with M 1.5 are represented by the spheres.

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

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

Figure 74. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 10. a) Production in ore pass 101. b) Prod
in ore pass 102. Seismicity is the events with® p | ¥-0.% (smaller events)
represented by the green lines.

Figure 75. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 10. a) Production in ore pass 101. b) Prod
in ore pass 102. Seismicity is the events withiM.5 (larger events), represented t
the green lines.

Figure 76. Mucking (M) versus number of events (N) at ore pass group 10. a)
Seismic events wittv @ p | 9H).5ab) and d) seismic events with #-0.5.

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

Figure 78. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 12. a) Production in ore passes 121 and :
Production in ore passes 123 and 124. Seismicity is the eventsmvithp | 9KD.58
(smaller events), represented by the green lines.

Figure 79. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 12. a) Production in ore passes 121 and :
Production in ore passes 123 and 124. Seismicity is the events w6 (larger
events), represented by the green lines.

Figure 80. Mucking (M) versus number of events (N) at ore pass group 12. a)
Seismic events wittv @ p | <9#).5ab) and d) seismic events with #-0.5.

Figure 81. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 15. Production in ore passes 151, 152, 1t
154 is represented by the blue, orange, grey, and yellow bars, respectively, wt
seismicity is all events with INk-1.5, represented by the green line. A period of
production as well as rehabilitation of OP 153 is represented by the grey rect
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filled with green.

Figure 82. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 15. a) Production in ore passes 151 and :
Production in ore passes 153 and 154. Seismicity is the eventsnvithp | <KD.58
(smaller events), represented by the green lines. A period of no production as v
rehabilitation of OP 153 is represented by the grey rectangle filled with green.

Figure 83. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 15. a) Production in ore passes 151 and
Production in ore passes 153 and 154. Seismicity is the events wit(Mb (larger
events), represented by the green lines. A period of no production as we
rehabilitation of OP 153 is represented by the grey rectangle filled with green.

Figure 84. Mucking (M) versus number of events (N) afpases group 15. a) and
Seismic events wittm @ p | 9H).5ab) and d) seismic events with #-0.5.

Figure 85. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 26. Production in ore passes 261, 262, 2¢
264 is represented by the blue, orange, grey, and yellow bars, respective
Seismicityis all events with Mx-1.5, represented by the green line. b) Seismicit
restricted to the large ore paselated events, represented by the red dots. Peric
of no production as well as rehabilitation of OP 261 and OP 264 are represent
the blue and yellow rectanglesespectively, filled with green.

Figure 86. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 26. a) Production in ore passes 261 and .
Production in ore passes 263 and 264. Seismicity is the eventsmvithp | <KD.58
(smaller events), represented by the green lines. Periods of no production as v
rehabilitation of OP 261 and OP 264 are represented by the blue and y
rectangles, respectively, filled with green.

Figure 87. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 26. a) Production in ore passes 261 and .
Production in ore passes 263 and 264. Seismicity is the events wit(Ms (larger
events), represented by the green lines. Periods of no production as we
rehabilitation of OP 261 and OP 264 are represented by the blue and y
rectangles, respectively, filled with green.

Figure 88. Mucking (M) versus number of events (N) at ore pass group 26. a)
Seismic events witltm @ p | <9K).5ab) and d) seismic events with #-0.5.

Figure 89. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 30. Production in ore passes 301, 302, 3(
304 is represented by the blue, orange, grey, and yellow bars, respective
Seismicity is all events with Mk-1.5, represented by the green line. b) Seismicit
restricted to the large ore pagselated events, represented by the red dots. Peric
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of no production as well as rehabilitation of OP 301, OP 302, OP 303, and OP :
represented by the blue, orange, grey, and yellow rectangles, respectively, fillec
green.

Figure 90. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 30. a) Production in ore passes 301 and :
Production in ore passes 303 and 304. Seismicity is the eventsmvithp | <KD.58
(smaller events), represented by the green lines. Periods of no production as v
rehabilitation of OP 301, OP 302, OP 303, and OP 304 are represented by th
orange, grey, and yellow rectangles, respectively, filled with green.

Figure 91. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 30. a) Production in ore passes 301 and :
Production in ore passes 303 aB@4. Seismicity is the events with.M-0.5 (larger
events), represented by the green lines. Periods of no production as we
rehabilitation of OP 301, OP 302, OP 303, and OP 304 are represented by th
orange, grey, and yellow rectangles, respectively, filled with green.

Figure 92. Mucking (M) versus number of events (N) at ore pass group 30. a)
Seismic events wittv @ p | <9H).5ab) and d) seismic events with #-0.5.

Figure 93. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 34. Production in ore passes 341, 342, 3¢
344 is represented by the blue, orange, grey, and yellow bars, respective
Seismicityis all events with Mx-1.5, represented by the green line. b) Seismicit
restricted to the large ore pagelated events, represented by the red dots. Peric
of no production as well as rehabilitation of OP 341, OP 342, OP 343, and OP :
represented by the blue, oraye, grey, and yellow rectangles, respectively, filled v
green. Rectangles filled with grey represent rfilled ore passes.

Figure 94. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over timeat ore pass group 34. a) Production in ore passes 341 and 3«
Production in ore passes 343 and 344. Seismicity is the eventsmvithp | <KD.58
(smaller events), represented by the green lines. Periods of no production as v
rehabilitation of OP 341, OP 342, OP 343, and OP 344 are represented by th
orange, grey, and yellow rectangles, respectively, filled with green. Rectditigie<
with grey represent rociilled ore passes.

Figure 95. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 34. a) Production in ore passes 341 and :
Production in ore passes 343 and 344. Seismicity is the events witiVb (larger
events), represented by the green lines. Periods of no production as we
rehabilitation of OP 341, OP 342, OP 343, and OP 344 are represented by th
orange, grey, and yellow rectangles, respectively, filled with green. Rectditigie<
with grey represent rockilled ore passes.
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Figure 96. Mucking (M) versus number of events (N) at ore pass group 34. a)
Seismic events wittv @ p | <9H).5ab) and d) seismic events with #-0.5.

Figure 97. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 34. a) Production in ore passes 341 an
periods 1 and 2 were selected to check thedrared. b) Production in ore passes &
and 344 periods 1, 2, 3, and 4 were selected to check tksgjiared. Seismicity is th
events with-m @ p L <H).54smaller events), represented by the green lines. Per
of no production as well as rehabilitation of OP 341, OP 342, OP 343, and OP .
represented by the blue, orange, grey, and yellow rectangles, respectively, fillec
green. Rectanglefiled with grey represent rocklled ore passes.

Figure 98. Monthly distribution of volume mucked (kt) and seismicity (numbe
events) over time at ore pass group 34. a) Production in ore passes 341 and :
Production in ore passes 343 and 344. Seismicity is the events witt(Vb (larger
events), represented by the green lines. Periods of no production as we
rehabilitation of OP 341, OP 342, OP 343, and OP 344 are represented by th
orange, grey, and yellow rectangles, respectively, filled with green. Rectditigié<
with grey represent rockilled ore passes.

Figure 99. Mucking (M) versus number of events (N) at ore pass group 34 for sg
periods of time. a) and c) Seismic events withd p | <M0).5ab) and d) seismic even
with MLx-0.5.

Figure 100. Monthlylistribution of the ratios N/M of the northern ore pass grou
(08, 10, 12, and 15). a) Ratios involving the smaller evant® p L <H).5a b) Ratios
involving the larger events (Nk-0.5).

Figure 101. Monthly distribution of the ratios N/M of the southern ore pass grc
(26, 30, and 34). a) Ratios involving the smaller evenmtsb(p  $K0.5. b) Ratios
involving the larger events (Mk-0.5). The large seismic events (rightiXs) are
represented by dots.

Figure 102. Total ratios N/M for all ore pass groups studied. a) Ratios involvit
smaller events-@1 @ p L <4).55 b) Ratios involving the larger events (#40.5).

Figure 103. Spatial distribution of the large OPEXM M ®p 0 Ay | @S
southern part of the mine, between levels 1022 and 1365 m. a) B26 ore pass gr
large events). b) B30 ore pass group (3 large events). c) B34 ore pass group
events).

Figure 104. Pressure Axes Density plots (lower hemisphere and equal angl
Hudson diagrams for a) to f) Events with M ®p ® 30 {2 -rdlated
seismic events recorded (B26L ®11; B30: M2.06; B34: M2.24).

Figure 105. Monthly distribution of volume mucked (kt) and the number of large
passrelated events seismicity over time. a) Ore pass group 26. b) Ore pass gro
c) Ore pass group 34. The large events correspond to the rigtxisYand are
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represented by the red dots. Periods of no production as well as rehabilitation ¢
1, OP 2, OP 3, and OP 4 of each OP group are represented by the blue, oranc
and yellow rectangles, respectively, filled with green. Rectangles filled with
represent rockfilled ore passes.

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

Figure 107. Monthly distribution of volume mucked (kt) and radiated seismic er
(J) over time at ore pass group 12. a) Production in ore passes 121 and ]
Production in ore passes 123 and 124. Seismic energy of the eventsivitip (9K
0.5 (smaller events) is represented by the light blue area.

Figure 108. Monthly distribution of volume mucked (kt) and radiated seismic er
(J) over time at ore pass group 12. a) Production in ore passes 121 and ]
Production in ore passes 123 afiéd4. Seismic energy of the events with ¥-0.5
(larger events) is represented by the light blue area.

Figure 109. Seismic energy (E) versus mucking (M) at ore pass group 12. a
Seismic events wittv @ p | <9H).5ab) and d) seismic events with #-0.5.

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

Figure 111. Monthly distribution of volume mucked (kt) and radiated seismic er
(J) over time at ore pass group 34. a) Production in ore passes 341 and :
Production in ore passes 343 and 344. Seismic energy of the eventsvdtip | 9K
0.5 (smaller events) is represented by the light blue area.

Figure 112. Monthly distribution of volume mucked (kt) and radiated seismic er
(J) over time at ore pass group 34. a) Production in ore passes 341 and :
Production in ore passes 343 and 344. Seismic energy of the events withOMNb
(larger events) is represented by the light blue area.

Figure 113. Seismic energy (E) versus mucking (M) at ore pass group 34. a
Seismic events witltm @ p | <9K).5ab) and d) seismic events with #-0.5.

Figure 114. Monthly distribution of volume mucked (kt) and radiated seismic er
(J) over time at ore pass group 34. a) Production in ore passes 341 and 342; pe
and 2 were selected to check the effects oisdriared. b) Production in ore pass
343and 344; periods 1, 2, 3, and 4 were selected to check the effectssoudred.
Seismic energy of the events wiin ® p | 9K).55smaller events) is represented
the light blue area. Periods of no production as well as rehabilitation of OP 34
342, OP 343, and OP 344 are represented by the blue, orange, grey, and
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rectangles, respectively, filled with green. Rectangles filled with grey represent
filled ore passes.

Figure 115. Monthly distribution of volume mucked (kt) and radiated seismic er
(J) over time at ore pass group 34. a) Production in ore passes 341 and 342; pe
and 2 were selected to check the effects osdRiared. b) Production in ore pass
343and 344; periods 1, 2, 3, and 4 were selected to check the effectssgudred.
Seismic energy of the events with M-0.5 (larger events) is represented by the li¢
blue area. Periods of no production as well as rehabilitation of OP 341, OP 3:
343, and OP 344 are represented by the blue, orange, grey, and yellow recte
respectively, filled with green. Rectgles filled with grey represent rodkled ore
passes.

Figure 116. Seismic energy (E) versus mucking (M) at ore pass group 34. a
Seismic events wittv @ p | <9H).5ab) and d) seismic events with #-0.5.

Figure 117. Monthly distribution of the ratio E/M for ore pass group 10. a) R
involving the smaller eventsM ® p L <K0.5. b) Ratios involving the larger ever
(MLx-0.5).

Figure 118. Monthly distribution of the ratio E/M for ore pass group 12. a) R
involving the smaller eventsM ® p L <K0.5. b) Ratios involving the larger ever
(MLx-0.5).

Figure 119. Monthly distribution of the ratio E/M for ore pagsup 12 without the
seismic event with M1.12 (outlier). a) Ratios involving the smaller evems® p
<-0.5). b) Ratios involving the larger events #40.5).

Figure 120. Monthly distribution of the ratio E/M for ore pass group 34. a) R
involving the smaller eventsM ® p L <K0.5. b) Ratios involving the larger ever
(MLx-0.5). The large seismic events (righaxs) are represented by the red dots.

Figure 121. Total ratios E/M for all ore pass groups studied. a) Ratios involvil
smaller events-@1 @ p L 9KD.5& b) Ratios involving the larger events (§40.5). c)
Ratios involving the larger events (M-0.5) without the outlier.

Figurel22 Table of correlations between N and M given by thegRared.
Figurel23. Table of correlations between E and M given by tregjiRared.

Figurel24. Orientations of the absolute stress sigm@feen), Paxis of the large OP
in OP group 26 (grey), OP group 30 (red), and OP group 34 (blue). Equ:
projection, lower hemisphere. Stereonet generated on Visible Geology, © .
Seequent.

Figurel25. Grid-based analysief seismic event density golanes perpendicular tc
the ore passes (Z1-£100 m). Spatial distribution of the average apparent stress
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ore pass groups in Blocks 12, 15, 26, 30, and.&4 column: seismic events withllv
%-1.5. Middle column: seismic events wiin ® p L 0.5 Right column: seism
events with ML-0.5.

Figurel26. Gridbased analysief the average energy indedn planes perpendicula
to the ore passes (Z1-£100 m). Spatial distribution for ore pass groups in Block
15, 26, 30, and 34. Left column: seismic events withkM..5. Middle column: seismi
events with-m @ p L<KD.5aRight column: seismic events with.#-0.5.

Figure 127. Gridbased analysiof the cumulative apparent volumen planes
perpendicular to the ore passes (Z113200 m). Spatial distribution for ore pass grot
in Blocks 12, 15, 26, 30, and 34ft column: seismic events withINk-1.5. Middle
column: seismic events witlm @ p L<K).5aRight column: seismic events with i
-0.5.

Figure 128 Gridbased analysisof the cumulative displacemenion planes
perpendicular to the ore passes (241200 m). Spatial distribution for ore pass grot
in Blocks 12, 15, 26, 30, and 34ft column: seismic events withINk-1.5. Middle
column: seismic events witlm @ p L<K).5aRight column: seismic events with i
-0.5.

Figurel29. Grid-based analysisf the cumulative momenbn planes perpendicula
to the ore passes (Z1-#100 m). Spatial distribution for ore pass groups in Block
15, 26, 30, and 34.eft column: seismic events withlhk-1.5. Middle column: seismi
events with-m @ p L<K).5aRight column: seismic events with.-0.5.

Figurel30. Grid-based analysisf the cumulative energgn planes perpendicular tc
the ore passes (Z1-4100 m). Spatial distribution for ore pass groups in Blocks
15, 26, 30, and 34.eft column: seismic events withlhk-1.5. Middle column: seismi
events with-m @ p L<KD.5aRight column: seismic events with.M-0.5.

Figure131 Gridbased analysisf the bvalue on planes perpendicular to the or
passes (Z14100 m). Spatial distribution for ore pass groups in Blocks 12, 15, 2
and 34.Left column: seismic events withlNk-1.5. Middle column: seismic even
with -Mm @ p L<K).5a Right column: seismic events with.-0.5.

Figurel32 Grid-based analysief seismic eventlensity onplanes perpendicular tc
the ore passes (Z2-£300 m). Spatial distribution of the average apparent stress
ore pass groups in Blocks 12, 15, 26, 30, and 34. Left column: seismic eventd.\
%-1.5. Middle column: seismic events wiin ® p L #0.3 Right column: seism
events with M.x-0.5.

Figurel33 Grid-based analysisf the average energy inden planes perpendicula
to the ore passes (Z2-£300 m). Spatial distribution for ore pass groups in Blocks
15, 26, 30, and 34.eft column: seismic events withlk-1.5. Middle column: seismi
events with-m @ p L<KD.5aRight column: seismic events with.i-0.5.
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Figure 134. Gridbased analysiof the cumulative apparent volumen planes
perpendicular to the ore passes (Z21300 m). Spatial distribution for ore pass grot
in Blocks 12, 15, 26, 30, and 34ft column: seismic events withlNk-1.5. Middle
column: seismic events witlm @ p L<K).5a Right column: seismic events with i
-0.5.

Figure 135 Gridbased analysisof the cumulative displacemenion planes
perpendicular to the ore passes (Z21300 m). Spatial distribution for ore pass grot
in Blocks 12, 15, 26, 30, and 34ft column: seismic events withlNk-1.5. Middle
column: seismic events witlm ® p L<K).5aRight column: seismic events with i
-0.5.

Figurel36. Grid-based analysisf the cumulative momenbn planes perpendicula
to the ore passes (Z2-£300 m). Spatial distribution for ore pass groups in Block
15, 26, 30, and 34.eft column: seismic events withlk-1.5. Middle column: seismi
events with-m @ p L<KD.5a Right column: seismic events with.M-0.5.

Figurel37. Gridbased analysisf the cumulative energgn planes perpendicular tc
the ore passes (Z2-2300 m). Spatial distribution for ore pass groups in Blocks
15, 26, 30, and 34.eft column: seismic events withlk-1.5. Middle column: seismi
events with-m ® p L<K).5aRight column: seismic events with.i-0.5.

Figure138. Gridbased analysisf the bvalue on planes perpendicular to the or
passes (Z2 4300 m). Spatial distribution for ore pass groups in Blocks 12, 15, 2
and 34.Left column: seismic events withlNk-1.5. Middle column: seismic even
with -m @ p L<KD.5aRight column: seismic events with.-0.5.
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1 Introduction

The Kiirunavaara Mine turned seismically actwth large damaging events in 200herefore,

a mine wide seismic system was installed in 2008lovember of the same yeaa,seismic event
with magnitude M 1.7 was recordedn Block 34 Since then, the seismic systdms been
continuously expanding.

A large portion of tk seismic events recordesl related to the ore passeas well as the largest

one on May 18, 2020 (4.2). Even though the vast majority of these events are ore pass
Gy 2 A &S éorigh&adis yhé falling broken ore hitting the ore pass wajshe larger events

(ML >-0.5) in the ore pass groups, usually crixgbe, represent a potential problem for the
estimation of he seismic hazard the mine, especially the potentially damaging onesfi m ®p 0 ®
These crushlype events areelated 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 ofe pass
related seismicity (OPS), and how it evolves in space and time.

1.1 Problem description

Seismic activity in minesas stated byMendecki (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 mmedrea,

rate and sequence oéxtractionrelative to large scale structuregnd adjacent mining, can
intensfy 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 geo#gitructuresinfluenced 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 largevents is influenced by other factors as well.

The ore pass layout at Kiirunavaara Mine is unjguge having ore passclose to each other

is notacommonry used designThis 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 aesdourcen ore pass rehabilitatio

The deterioration of the ore passes leads to ore pass growth, which causes even more stress
redistribution in the pillars, midng the rock mass to be more susceptible to the occurrence of
seismic eventsBesides these factors, inhomogeneiti@ésd structuresin the rock mass could

also reveal to be a trigger for the increasing seismicity around the ore passes

In this work the ore passrelatedseismicity OP$, 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 describedAt Kiirunavaara Mine, the ore passes are responsible for 61% of the seismic
events with M X-1.5 in the footwall. From the totalumber ofore passrelated events (OPE),
99% are smaller events with local magnituéesn -1.5to -0.5, which mostly corresponds to ore

LI a& ay2Aas:éimpadeSon the oreYphss BalNsh Ih comparison, from the remaining
39% footwall nonore pass events, 95% are smaller events with local magnitindes-1.5to -

26



0.5.1n terms of seismic hazard, this is of concern due to the differenttgeimolume 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 thatighernumberof the seismic events occurs in a
much smaller portion of the rock mass. Besidesyaderestimated seismic hazard may result in
insufficient contro$ and an increased risk the personnel(Woodward & Tierney2017)

In the ore passes, the smaller events arestlyrelated tothe muckingtime, whereas the larger
events are more random in time.

1.2 Motivation, objectives and limitations

Even though damage ore passes is a common phenomenon in undergrouncestimat uses

this infrastructure to transport ore, systematic investigations placing seismicity as one of the
causes of the damage arelatively new LKAB has identified an increase in the seismic activity
around the ore passes througluccessive studies by different authasach afineva & Boskovic
(2017), Nordstrém et a{2017), Nordstrom et al. (20L,9)ahnér & Dineva (2020andYImefors

et al. (2022) which have raised a redflag to the mining operatios since this increase in
seismicityhasthe potential to jeopardizethe ore transportation and more importarly, the
safety ofthe personnel.

This thesis work aims tanvestigate through available data possible methodologies to
understand andnanagethe OP3n the Kiirunavaara Minél'he investigation comprises

The definition othe spatial andemporalcharacteristicof the OPE

The correlation between the volume of mucked material in the ore passes and the
number of seismic even{seismic response to material flow)

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

il
1

Due to the complexity of the problem, Wwas decidedthat first, a review of previousstudies
should be donén order to develop a holistic understanding of different potential causes for the
seismicity related to the ore passes.

From the results of this work, wwasexpected to have:

A methodology for data analysis to obtain a better picturénafOPS
An estimation of the seismogenic zone around the ore passes.
I LINBEtAYAYINE RAAGAYOUAZ2Y 0SG6SSYy 2NB LI &
An understanding of the relationship betwe#re volume of mucked material passiimgy
the ore passeg¢M) andthe number of seismic eventdN) (the released seismic energy
(E)
1 The possibility to use the knowledge obtained from the characterization oOiR&or
improving the seismic hazard estimations in the ore pass areas and in the mine.
1 Knowledgeabout the regions in the minmore proneto large OPE

= =4 4

The lack of publications on this specific subject represented an important limitation for this
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study.Althoughsome publicationgEsmaieli (2010QkEarl et al. (2015Vieira & Durrheim(2015),
Hellberg & Perman (2021gorrelate seismicityo 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 seismicitypeingrelated to rock mechanical problems in pillars between ore passes that can
cause pillar bursts.

1.3 Research questions

The main questions this studgeledto answer are:

I.  What are the characteristics of th®@PSand possible criteria to distinguish ore pass
Gy2AaS¢é¢ FTNRY a3SydaaySe aSAavYAO S@Syidaak
II.  Which seismic events (magnitude ranges and types of mechanism) should be included in
the estimation of the seismic hazandthe ore pass areas?
lll.  What is the spatial distribution of the seismic source parameters oOR&
IV. Howisthe OP&ffected by muckingseismic responseueto tipping materiak ontothe
ore passesvallg)?
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2 Background on seismsource parameters and seismic hazard
2.1 Seismic source parameters

A seismic event, or seismic source, is defined as a volume of sudden inelasti;mgtrairock
(deviatoric and/or isotropic) that radiates seismic waves with velocity of deformation of at least
a mm/s (Mendecki, 2013Even though the methods for source paramedeterminationwere
developed for natural earthquakes,is also possible tdetermine source parameters of mine
tremors (Gibowicz& Kijko 1994) For mining evets, the IMS Trace softwarean be used for
calculation ofhypocentrelocation andall other source parametersncluding those specifically
developed fomines(e.g., ES/Ep ratio, energy index, appareoiume)(Nordstrém et al., 201)7

2.1.1 Basic and dynamic source parameters
Basicsourceparameters

Origin time 0 , location, ( fo ), seismic potency), and radiated seismic enerd®, are four
of the basic parameters of a seismic source.

The source location is a point in spaad,hp [ ), where the seismic process was initiated. To
locate a seismic event (ttefine the hypocentre location), the first arrivals ofddd/or Swaves,
and/or SP arrival differences, and/or azimuth, and/or directions can be ubteh@ecki, 2013
Mendecki & Sciocatti, 1997).

In mines, the source parameters can be derived ftbm seismograms recorded by a seismic
system, using tools such as IMS Trace, which is a software developed by the Institute of Mine
Seismology (IMS)t allows the picking of the body wave arrivals, either automatically or
manually. The location is performed using apparent velocities (defined per sensqitisarial

or uniaxial sensors), absolute arrival times, @ Bme differences.

Dynamic source parameters

Thedynamic 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 secondargnpeters 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 #ieeof the dislocatiorat the source and is defined
by Mendecki (2016)YollowingBenMenahem & Singh (19848k:

~

0 00 (1)
where the potency is in n#, ¢ is the average slip, arilis the source arem n?.

For complex sources, the potency is the product of the source stfajrand the source
volume,w, defined by Madariaga (1979) as:
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wheres3] 3,71, 3, isthe average stress drop, andis the rigidity of the rock mass
surrounding the source.

. Released seismic energy. When a seismic event oquanspf the accumulate strain
energy isreleased aseismic energyGibowicz and Kijko (1994tate that the seismic
energy, O, isa measure of the strength of seism@vents in minesAccording to the
authors,direct measurements of the body wave energy flua good way of estimating
the energy Boatwright and Fletche(1984) deived a relation between thesnergy
radiatedin the P or S waveand the energy flux in th&- or Swave arrivals Since this
relation negleced the effects of directivityto minimizethe errorsthe authorsdecided
to averagethe estimates of the energy fluxvhich resulted in

B 3)

whereOis the radiated seismic energy, in Jouless the rock density, in kg/fnGis the
wave velocity(Ve or Vs), in m/s,’Yis the distance from the seismic sourethe sensor
that recorded the seismic evenin m,0 is the integral of the square of the ground
velocity,"Ois an empirical radiation pattern coefficierdnd the summation index runs
overthe measurements of the energy flux@astations

. Seismic moment) (Kanamori, 1977)s anearthquakeparameter that measures the
overall deformation at the source

0 ‘oY 4)

where is the seismic moment in dyreentimetre (dyncm),‘ is the rigidity,Ois the
average offset on the fault, aritfis the area of the fault.

Seismic moment can also be interpreted the means of estimating accurately the
energy released in great earthquakes through the difference in strain energy before and
after an earthquake energy drop @ ).

© ,0vY )
Where,, is the average stress during the faulting

Seismic moment is measured either in éym orin N-m (in S| system), with 1-d = 10
dyn-cm.

. Magnitude. There are many magnitude scales but all of thersome extentare related
to the original (local) magnitude scale created by C. F. Richter, in-M3& & . There
are also other commonly used scalesjch as Coda magnitude,& , body wave
magnitude,& , broadband bodywave magnitudeg , surface wave magnitude; ,

broadband surfacevave magnitude, & , and moment magnitude¢ , (Havskov &
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Ottemdller, 2010)In the minesthe most commonly usedhagnitudes are are the local
magnitude and moment magnitud&he ®-called Nuttli magnitudéNuttli, 1973)is used
in Canada The magnitude in Kiirunavaara miie called local magnitudas it was
originally calibrated to match thenagnitude scale in South Afritaut it is determined
from the seismic energy and seismic momersee(8).

The Richter local magnitude of an event is defined as:
a a €0QY & £0QY (6)

where0 'Y is the maximum zerto-peak horizontal amplitude measured, in mm, on a
Wood-Anderson seismograph at epicentral distari¥e and 0 'Y is the reference
maximum amplitude for the same distance. Often, thev&/e has the largest arrival in
terms of amplitude, and thuthe magnitude igletermined from the maximum amplitude
of the Swave,corrected for the distance between the source and the receiver

The moment magnitudd) orda , isthe most frequently used magnitude scaénd is
based on the seismic moment. It was first defilgoHanks& Kanamori (1979s

0 -a £0Q p & 7
where? is the moment measured in Nm.

Mendecki (2016) argues thatthough the Hank&anamori relations consistent with the
GutenbergRichter empirical @lation and the surfacevave magnitude & , for
intermediate and larger earthquaket)e comma logarithm seismic potency?), is a
more appropriatemeasure of magnitudér the range of sizes of seismic events recorded
in mines due to its simplicity and because it does not depend on riglit{y according

to the author, using the moment or potency magnituddiows seismic hazard to be
compared not onlypbetween different mines but also between different periods of time
for a given mine.

Based orthe experience from mines in Australia and Canada, Hudyma (2008) described

a comparative relation between the Richter magnitude scale and how sess@ints are
felt in a mine Tablel).
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Tablel. 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

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

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

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

Undetectable by a microseismic monitoring system.

Significant ground shake.

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

May be detectable by a microseismic monitoring system.
Often felt by manyworkers throughout the mine.

Major ground shaking.

Similar vibration to a distant underground secondary blast.
Should be detectable by a microseismic monitoring system.
Vibration felt and heardhroughout the mine.

-1.0

Bump commonly felt on surface (hundreds of metres away), but not be auc

0.0 '

on surface.
Vibration felt on surface similar to those generated by a development rounc
Felt and heard very clearly dhe surface.

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

1.0
Can be detected by regional seismological sensors located hundreds of

kilometres away.

2.0 . The vibration felt on the surface is greatban large production blasts.

30 . The largest miningnduced seismic events recorded in Australia registered
about Richter 3 to Richter 4.

Swedish minesincluding Kiirunavaara ime, use the IMS formula fothe magnitude
calculated from the logarithms of the seismic moment and the seismic energy as:

0 ™ W@ elQ ™ X@EM 10 (8)

It was calibrated tagive valuesequal to the local magnitude in South Afmicanines
(Nordstromet al., 2017.

5. The source radiusyc or R or source size, for a circular fault can be calculétech the
corner frequency(frequency at which the level has reachpfiic T8 TRr oQ6

relative to the unfiltered part of the signebf the spectra of Por Swave (Havskov &
Ottemoller, 2010)Brune et al. (1979) defined thsource radius

Y — ©)
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where'Yisthe radius in m or knthe factoro depends on the type of the spectrum and
the theoretical modelf is the velocity of the -8/avein m/s or km/s and Zis the corner
frequency ForP-waves, Brune (1970) defined) -valueof 0.37, and later0.33 (Brune et
al., 1979whereasHanks& Wyss(1972 foundv 1@ tfor Swaves Madariaga (1976)
found valuesof 0.21 and 033 for S and P-waves, respectivelyrhe radius camlsobe
calculated from the corner frequency in the spectrum at/&ves, velocity of Wave,f ,
and the corresponding constant .

. According tcStein & Wyssessiof2003) the source dislocatiorQ, is the average slip on
the fault area’Y and is part of the static seismic moment equat{dh which offers the
best measure of the earthquake size

In the case of a circular fault modé&br which R is the radiuand 'Q “, the source
dislocation is expressed as:

0o — (10)

Whered is the seismic momergnd* is the rigidity.
. Stress dropy, , is the magnitude of the stress released by an earthquake afép, O,
that occurs along a fault with dimensioin 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
WhereOis the average slip (source dislocation) along the faith dimension0.

And the stress drop is an average over the fault, expressed as (Stein & Wyssession, 2003):
Y, ‘- (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):
Y, —0 — pm (13)
where the radiusy, is in km, ang 1T is a conversion factor.

The static stress drop, for a circular fawlth radius'Y, can be expressed as (Brune, 1970
1971):
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V., —0 Y (14)

Sress drops vary considerablgom event to event In minesthey vary between0.01
and10MPa similar to the ranges for naturahrthquakegGibowicz& Kijko 1994)Brace

& Byerlee(1966) found low stress drop$or the Parkfieldregion and ImperialValley
shocksthat suggestedhat the stress drop for these earthquakes was only a fraction of
the total stress, as in the stigdtip faulting mechanisnit was corroborated bcGarr et

al. (1975, 1979 andSpottiswoode & McGar1975 when theyreported estimates of the
estate of stressvithin the source region in South African gold min&scording to them,
the estimatesndicate that stress drops ardsosmall fractions of the total shear stress
that causesaulting.

. The apparent stresg (Pa =N/m?), isa measure of stress change at a seismic squrce
product between the averageacting stress andhe seismic efficiencyWyss & Brune
1968)

o= g - 15

Wheret is the shear modulusf rigidity (N/m?), %is the radiated sismic energyJoules
= Nm) O is the seismic potencyy is the source strainand 6 is the source volume
Seismic rergyandpotencycan berelated empiricallyas (Mendecki, 2013):

a £ Qa £0Q @ (16)
and

- pm a7

where'Qandoare parameters related to the stiffness and the stress level of the system,
respectively. FO2 p, the apparent stress is:

w P (19

The above relation means that the apparent stress or stress drop scaling is constant for
‘Q pand, according to Mendecki (2013), apparent stress is a more reliable measure of
an average stress release at the source than the corner frequency @dpzhdent

static stress drop, expressed as:

wf 07Q (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 (Mend6ek
2013). The eralue in(16)and (17)tendsto increase with the system stiffness.HFigure

1, thel T'Gyersud T0@lot for the stiff region of the plofdashed linejioes not extend
far into the larger events range until the softer regigolid line) where the dvalue
drops; for a given slope, an increase in theatue means an increase in the stress levels
(Mendecki, 2001)Thedashed line represents condition under which the seismic events
have lover apparent stresss whereas the solid line represents a conditiorder which
the seismic events have higher apparent stresEsemples of théormer and the latter
could be a source of a seismic event associatall airelatively weak and relatively
strong fault in the rock magdlendeckj 2013).

A

A
].OgE log E = c+dlog P

d ~ stiffness
¢ ~ stress level

L log P_

fo - dark grey low, light
grey high

Figurel. Example of apparent stress ahd %@ersusl 10Gcaling. From Mendecki (2013).

In mines, large variations in apparent stress are caused by the differences in energy
releasal 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) @ defined by van gwegen & Butler (1993) dise ratio ofthe measured
energyto the average energy for a given momemthere tre latter term is estimated
throughan empirical relatiobetweenOand 0

00— (20)
AccordingHudyma(2008) energy indexs the relative amount of energy released by a

seismic event compared to the expected amount of engegysidering 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 ener@yof an event and the average energy

'O 0 radiated by events of the observed poten€y D , for a given area, is written as:

00 — 1)
where’O 0 is equal to:
o0 opTm (22

which makeg21).

00 23)

where ‘Q and ware parameters of the potency frequency and the energy frequency
distributions, related to stiffness and stress levels of the systeespectively, as
mentionedearlier. ForQ p8r, 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, 2Bitbiye2
showsthe cancept of the relationof the energy versus momer 1'G3ersusi 10Q.

Plots of O "@re routinely usedo qualitatively delineate areas of higher than average
potential for rockburstgvan Aswegen & Butler, 1993).

SEISMIC ENERGY VS. SEISMIC MOMENT
Y = 1.5154X - 110534, CORCOEFF = .93 IOgEﬁ

a

1S3 WELKOM

LOG10 ENERGY (J)

4008 Jelomio Evenls

#20101 o 8212314

Minimum  § Stalons Aecopted
Orthegonal FiL

NoOw e e @ W

1 1 L L L L A i »
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LOGIO MOMENT (J) M log M7

Figure 2. The relation Energyersuis Moment. Left: Original plot fromvan Aswegen & Butler (1993Right:
Representation byvlendecki(1997), modified by Hudyma (28).
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10.Apparent volumed ), in m?, scales the volume of rockith coseismic inelastic strain of
an order of apparent stress ovegidity, and idess model dependerthan the source
volume (o) (Mendecki, 1993). It is an estimation of the source volume, which is expressed
as (Mendecki, 2013):

® = — (24)

The author states that the potency can be reliably derived from waveforms; the strain
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and stress drops are affected by their cubic dependency on the corner freguberoya
relatively small uncertainty ithe corner frequencyQ affects greatly the confidence in
Y- and, consequently, in the source volunoe,

Then, theapparentvolume can be expressed @dendeckj 1993)
0w - — (25)

From (24) and (25), w and w are the source volume and the apparent volume,
respectivelyjn m3, 0 is the seismic potency} is theinelastic strain change) is the
seismic momentey , is the average stress drop, is the apparent stress, is the rigidity

of the rock mass surrounding tteurcec or the shear modulug, andOis the seismic
energy.

According to Mendecki (2013), this parameter can be manipulated in the form of
cumulative or contour plots, giviren idea of the rate and the distribution of @@ismic
inelastic deformation and stress transfer in the rock mass.

The energy index,0 ‘@an be considered aa proxy for stress, while the cumulative
apparent volumew, as a proxy for deformatiorMendecki 2016)Figure3 shows the

time evolution ofO"@nd w during a shaft pillar extraction progressing from the centre
to its outer perimeter. The large seismic events Witi GC x®& are indicated by the
arrows. It can be noted that almost all the events occurred during softening after a peak

of stress.
T N T Y A T VO Y .
Hardening ! Softening — |soe
K.=9.1x10° Pa K.=6.0x10° Pa
20| D=1.3 JJT i b=0.8
d=1.4 Y ! d=1.3
i \ | ! n
g ® ;4
/ 1 N2, )
i I YN/ o R
& 1 27 1 i
v 1 2 [
v ! 7 1/ iy -
7 =5.4x1010 7
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Figure3. The time evolution of energy index El (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.

0 is seismic stiffness. Other parameters present in the plot: #elb f dzS 6 2 Ndalueinalé XR Qdi 408 R

& From Mendecki (2016).

2.2 Focal mechanism and seismic moment tensor

The focal mechanism or fault plane solution describes the orientation opdissiblefault and
the slip along that fault relative a coordinate syst@ravskov & Ottemdller, 2010). It determines
i) the slip directionwhich in turn is controlled by the orientation of the elastic strain field when
rupture takes place, and ii) a possiblgentation of the rupture plane (Mendecki, 2018)avskov
& Ottemoller (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 stnelss 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 descrilsghe 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 thggx plane, the auxiliary plane in thegks plane,

and a left lateral motior{(Figure4), it is possible to express the normalizegv®ve amplitude
variation, 6 , due to the source in the radial direction in a spherical coordinate system, as
(Havskov &ttemoller, 2010 after Stein and Wysession, 2003):

6 — (26)

where 6 is the normalized fvave amplitude variation—and %.are the angleslefined Figure
4,” is the density of the mediun; is the Pwave velocity, and the distance is constant. The
amplitude variations for Sthnd SMvaves,0 ando , are expressed, respectively, as:

0 _— 27
and
0 _ (28)

wheret is the Swvave velocity.

(b)

(bs) //
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‘/\k\‘t{f’,‘f %
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Figured. Variation of the radiation patterns with the direction of the receiver. (a) Body wave radiation pattern for
aR2dz0f S 02dzlJt S a2dzNOS® ¢KS NIRAIFIGA2Y FASER Aada O2yaAiRSNH
FEA& YR . A &oopéne dujMeBisionfayiplitiide Sattens ofdhd Swaves in the #xs plane. (h)

Fault geometry, showing the symmetry of the double couple about trexis. (h) Radiation pattern for ®vaves,

showing the amplitude (left) and direction (right).s\lSame as @, but for Swaves. Modified fromStein &

Wyssession (2003).
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The radiation patterns shown iRigure4 are derived byusingthe previou (26 to (28). The ratio
between the S and the P amplitudes is theoreticallyf+ v, which agrees with practical
observations, where-&ave amplitudes are much larger thamRve amplitudes.

The radiation from the underlying forces can be describgd force coupleKigure5) in case of

a shear movement in the sourckke duringan earthquake Amore general description of the
seismic source is given by the moment tensor, which describes the seismic source radiation as a
combination ofdifferent double couples of forcesrom laboratory experiments it is known that

new fault planes are oriented at 45° from the maximum and minimum compressive stresses and
these stresses atherefore halfway between the nodal planeBigureb) (Havskov & Ottemdller,

2010).

Single couples with torque Singel couples without torque

-l fT elD;L—>//\\ ><:

Double couple Double couple

Figureb. Types oforce 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 deseritie fault motion. The maximum and minimum compressive stresses,

P and T, respectively, are in directions of #bthe fault plane and in the same directions as the tordess single
couples. From (Havskov & Ottemdller, 2010).

It should be notedhat all parameters here calculated come from the point source usinfieiar
observations as Brune et al. (1979).

The fault plane solution uses the directions owBve 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 cosspyeal 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 principegdss axes. As shown kigure6, 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 aero, and the nodal plane that is the
actual plane of rupture cannot be defined (Mendecki, 2013).
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Figure6. The basic types of faults and respective focal mechanisms. From Mendecki (2013).
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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 @escribes

the state of stress at a particular poiftigure? 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.ei2 M M1). The diagonal elements
(e.g., My) are called linear vector dipoles, which are equivalent to the normal stresses in a stress
tensor. The ofdiagonal elements are moments defined by force couples.

Stress Tensor Moment Tensor

B B il 3 3 3
Oy T2 T3 My

R A A N

|
3
3

3
T3 My

2
1 /3

Ty [ ’ | a”’.i Ms; |

Mll M12 M13
M21 M22 M23
M31 M32 M33

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

TKS DNEB Sy Q3 whictzgné us@dyo estimate source time functions by combining the
elastic and anelastic effects of propagation from the source to the recalescribes the signal
that would arrive at the seismometer if the source time function wardelta function (Stein &
Wyssession, 2003According to these authorsya S NIi Klj dz { SQa& & ZodeND S
08 RSO2y @2t @Ay3 (GKS DNBSyQa TFdzyOlA2¢ut)yR
Combinng force couples of different orientations into the seismic momemista (M),gives a
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general description that can represent seismic souréesnoment tensor inversiol or the
generalisednverse of & isused to find the tensor components, since the seismograms are
linear functionsof the moment tensor componenisTierney(2019)illustratesthe process of
inversion includingthe use ofthe DNB Sy Q& afddh6v0 it dothpltes the ground
displacement recorded by the seismic sensor based on a known moment tensoorftreeds
problem)in Figure8.

Moment Tensor, M Sensor Data, u
u=GxM

Green’s Function, G

\

et | A alnd e
M= G'xu

(s}

FigureB®d wSLINB&aSyidl GdA2y 2F GKS dzaS 2F (K
Tierney (2019).

DNBSy Q& Fdzy Ol A2

To illustrate the 3 x 3 matrix depictedfigure7> Y2 YSy G G(GSya2NB | NS RAaL
in 2D or 3D, being the 2D diagram a stereonet projection of the 3D beacFigaldd). For each

point on the surface of the sphere, the moment tensor describes the magnitude and direction

of the first motion of seismic waves.

P-Waves S-Waves

Tension
Axis

Pressure
Axis

Figure9. 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 dhe beach ball surface, the direction of motion is tangential (purple arrows).
The direction of motion across the border is whiteblack. From Tierney (2019).

As shown irrigure9, 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 Swaves, respectively. It can be noted thatvaves tend to emanate strongérom
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the middle of the white and black regions, whilev8ves emanate stronger from the borders
between the black and white region&dditionally, 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-seismic strain drop. A ddle couple term

with zero determinant representing shear faulting on a plane and adwble couple term
come from the decomposition of the deviatoric component. The-donble couple term can be
referred to as the so called Compensated Linear Vectool®i(CLVD), which is deviatoric and
has two equal eigenvalues, however, without change in volume, net force, and net torque.

Tierney (2019) summaridehe components of the seismic moment tensors. The isotropic (ISO)
component can be positive or negative and is characterasa 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 exanes of it could be a pillar burst, buckling, or rock ejecting
into a void. Only Rvaves radiate from g@urely 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 dislocatia of a fault, which can be a mix of shear and normal dislocations. The double
couple (DC) termHigurel0) 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,rongeca

site information to analyse the orientation of the two planes, and thus the actual fault plane.
The nondouble couple term or theCompensated 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 at volume change. It is said that a positive CLVD source has a single tensile
dipole compensated by two compressive dgg which is the opposite with regards to a
negative CLVD source.

Figurel0. Representation of a double couple (shear dislocation). The shear direction on the fault is from white to
black. Note the two oppositénear vector dipoles. The third dipole is zero (B or null axis). From Tierney (2019).

Figurellillustrates the moment tensors and their associated focal mechanisms.
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Figurell. 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)thvmoment 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.). Fr@tein & Wyssession (2003).

Tierney (2019) highlightbat a usefultool to visualise the moment tensor decomposition is the
Hudsondiagram (Hudson et al., 198%Figurel?2). The diagram is avo-dimensional graphical
display of all possible relative sizes or proportions of the three principal mon(isotsopic, DC

and CLVDPthat provides a method of representing the probability density of these relative sizes
deduced from a given set of data (Hudson et al., 1988¢. isotropic component is represented
by the vertical axis, and ranges froib00% (implosion) to 100% (explosion). The deviatoric
decomposition goes along the horizontal axis, also from +100%0@ CLVD. In the centre is
the 100% DC, where both isopiz and CLVD are 0%. The outer lines (the limits of the chart)
represent the 0% DC line.

Explosion

Tensile crack ./

+ Linear vector dipole,”

]
/ / AN B (A A
‘A / ] bl ;
+ CLVDy LA Doublelc u’(l /
/" 8o%/ 80%/ 40% [ 20% | | 80% /
/- /CLVD—,CLVD_CLVD'-CLVI T
/ { \ NI

Implosion

Figurel2. 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% implagi¥e @hw'D.

Two key points that are a combination of isotioand CLVD sources are also indicated. A single linear vector dipole
(the other two dipoles are zero) decomposes to a -tmied isotropic source and twthirds CLVD. From Tierney
(2019).
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Alternatively, it is worth to mention that the seismic potency tensor (or source tengorynay
be defined by the integral of the stregsee change of size and shape, expressed as (Mendecki,
2013):

0 . (29

where3sf is the stresdree change of size and shape in the source volume. Whilsdlsenic
moment requires assumptionsf the elastic propertiesin the rock mass, the strainrbased
potency tensoris based ordirectly observable quantities and can be decomposed in a similar
wayasthe moment tensor.

Mendecki (2013) descriloedifferent examples(Figure 13) of moment tensor solutiongor
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, producingrdeidal sphere source, instead

of spherical. The production of shear wave energy is influenced by the heterogsnieitthe

rock mass and velocity of detonation, i.g€lgwer detonations produceore shear deformation,
longer fracturesandhigher Swaveamplitudesin more heterogeneous rockg) A larger event
associated with slip along geological features and/or located away from the excavation; d) fault
slip ortensilefailure 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.

a)

b)

d)

Figurel3. Typical mechanisms of misieduced events. a) This source would radiate compressionawes, 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 wdwgte predominantly doubleouple source mechanism. d) The
permanent ceseismic stope convergence would add the implosive component (after McGarr, 1992), and a possible
CLVD component to the doubt®uple mechanism. €) The excavation is an integral patthefource, and the
mechanism can be represented by a closing crack model, i.e., isotropic implosive component with a CLVD
component. From Mendecki (2013).
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Ordinary seismic eventsvhich occurin the rock mass at a distance from any extiwns
normally don’t exhibit a volumetric chge in the moment tensor solutiaSeismieventsthat
occur close to the excavations can have a volumelramge as the rock mass can move towards
the excavatioror, the excavationis a part of theseismicsource This type of seismic everdse
more prone todamage the infrastructure

Five mechanisms of damaging rockburdtake2) 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, 199

Table2. Five mechanisms of damaging rockbursts (Hudyma, 2010 after Ortlepp, 1992).

First motion from Richter magnitude

Seismic event Postulated source mechanism L
seismic records (My

Superficial spalling with violent ejection of  Usually undetected,

Strainbursting fragments could be implosive 02100

Buckling Ogtv\_/ard expulsion of 'afger slabs pre Implosive 0.0to 1.5
existing parallel to opening

Pillar orface Sudde_n collapse of stope pillar, or violent Implosive 101025

crush expulsion of rock from tunnel face
Shear rupture Violent propagatlon of shear fracture Doublecouple shear 2.0t0 35
through intact rock mass
Faultslip Violent renewedmovement on existing fault Doublecouple shear 251t05.0

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 nmsszbilities that

could result in damage, injury, or loss of Meas outlined byMendecki (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 meoni. The authooutlined the
specific objectives of seismic monitoring, which include 1) rescue; 2) prevention; 3) hazard
assessment; 4) alerts; and 5) batalysis (modified after Mendecki, 1997b and Mendecki et al.,
1999).

1. Rescue The first objective of seismic monitoring in minissto 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 miningParts of the pevention 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 AssessmentThe 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 assessmemiciudesmonitoring and quantifyng any increase in
seismic activity caused by larger seismic events or production tdasdtdefining area
specific temporal exclusion zonaad recommendinge-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 ofthe objective of seismic monitoring in minesto 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 thaticbindicate 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. Backanalysis Backanalysis involves thoroughly analysing all seismic events that caused
damage,injury and/or fatality, as well as neanisses that had the potential to cause
consequences. The results of the baglalysis can then be used to improve both the
mine design and the seismic monitoring processes. Furthermore, the results of the back
analysis shouldofm the basis for a regular critical review of the applied seismic risk
management strategy, guidelines, and procedures. In summary,-draaisisis 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 itseiwf occurenceo, and location,®

oftdtx are known and reliable values are obtained for at least two independent seismic source
parameters, namely seismic potendy, and radiated seismic energ@ Further, seismicity is
defined for a given volumé/c, over a certain timeYo, and it can be quantified by four basic,
largely independent quantities:

1) Average time between eventd]

2) average distance (including source sizes) between consecutive ewents,
3) cumulative seismic potenci 0; and

4) cumulative radiated energy O.

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 (2016gmphasisd the importance of implementing a seismic monitoring system for
mines that may be exposed to seismic activilych 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 thatthe objectives othe seismic monitorings 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 aftkrghion blasts or
larger seismic events, the author recommends implementing a higher resolution seismic
monitoring system as part of the #@ntry decisioamaking process. This may involve i) lowering
trigger levels and/or monitoring individual triggers; i) 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 longerm seismic hazard assessments should be done at least once a year and
every time the maximum observed event size has been exceddexirecommended routine
analysis as suggested by Mendecki (2016) is summariSeable3.

Table3. Routine analysis recommended by Mendecki (2016).

Routine Tasks

1. Check the system performance.

2. Identify any possible outliers of seismological processing and return tt

for reprocessing.

3. Check for strong and unexpected changeseismic activity. Unexpected

activity near excavations and events far from active mining, close to a st

or in places not predicted by numerical modelling should be noted.
Daily 4. Compare the timef-day plot of seismic activity with the average over

the lastweek. Observe the linear size and orientation of these events, si

their spatial influence in certain directions may be considerably greater t

that indicated by the routine plots of events as dots or spheres on a min

plan.

5. Note any unusual acttyiafter production blasts and larger seismic

events.

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 bla:

and ore pass noise.

3. Review locations and magnitudes of events recorded over the last we

terms of heir distances from excavations. Persistent activity near
Weekly excavations and events far from active mining, close to a shaft or in plac

not predicted by numerical modelling may be of concern.

4. Examine whether these unusual locations of seismic eventsoarect.

5. Update plots of cumulative potency versus time and versus the

cumulative volume of rock extraction, and compare them with a stenm

history, e.g., with the mean value for the last week or month.

1. Note any persistent system performance issues during the past montt
2. Review locations and magnitudes of events recorded over the last mc
in terms of their distances from excavations. Persistent and unexpected
activity close to excavations and everar 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 épaction. An increase in the rate of the
cumulative potency versus cumulative volume mined, or versus time, mi
signify an unstable seismic deformation, and an accelerated potency rel
may indicate a temporary loss of control over the seismic rock mass
response to mining.

Monthly 4. Check whether timef-day and dayof-week plots of seismic activity are
as expected.
5. Update the list of the 10 largest events and the list of redmehking
events at the mine.
6. Update the list of the 10 largest recorded groundtions at each
monitoring site. Watch for amplitude saturation caused either by exceed
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 damagirggrseievents, i.e.,
location uncertainty, source mechanism, the character of aftershock acti
and the spatial distribution of strong ground motion. Test for any possibl
precursory behaviour to these events, e.g., activity rate and the cumulati
apparent volume versus energy index plots.
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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 théocation 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 networ

for that area.

4. Reassess the suitability of currsneémployed sensors to accurately

record strong ground motion.

5. Review list of largest events, recdrteaking events, and largest recorde
Yearly ground motions.

6. Compare and reconcile seismic activity with the latest numerical stres

model.

7. Evaluate intamediate and long terms seismic hazard and compare it w

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 @dti 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 (AC@jitiated 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 projeéevelopeda flowchart called
Seismic Risk Management Practideigiirel4). 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, 20P2¢reare 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.

= =4 4

For each activity, there are components represented by boxes in the flowchart. In each box,
GKSNBE Aa | ydzYoSNI 2F o6SYyOKYINJ SR LN} OGAOSa
GF RO YyOSRé LINIF OGAOS® {AyOS Al A dineg &peridnding I & &
low seismic hazard to implement extensive and advanced seismological analyses, low, medium,
and severe seismic hazard should be addressed by different best practisesdard or
advanced. Standard practices indicate approaches thmcammonly used at most mine sites,

while advanced involve uncommon technigue=ordingo (ACG, 2022):

1 Requiring personnel with a higachniqueskill base; and
1 being labour/computing/time intensive.
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SEISMIC RISK MANAGEMENT PRACTICES
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Figurel4. The seismic risk management plan by ACG. © 2023, Australian Centre for Geomechanics.
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3 TheKiirunavaara Mine

YAANHzy I @F N aAyS>s 9dz2NPLISQa I NBINT ROAR f | RI
underground mines, is operated by Luossavagiieunavaara Aktiebolag (LKAB). The mining
activities started in 1898 as an opgit mine, and in miell950, the transition to underground

mining using the sublevel cavig@LC) mininmethod was initiated.

3.1 Mine description

3.1.1 Location and geology
¢tKS YAYS A& t20FGSR AY Db2NNb2GGSY -02dyd exNHy
oxideapatite (IOA) ore is8 km longandup 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 roct&e(jer, 1931Andersson & Rutanen, 2016).

Alocal coordinate systers adopted in the mingand isoriented approximately P§ along the
Y-axis,with the levelsalongthe Z-axis being he surface level a237 m. This local coordinate
system is rotated clockwise by 10.7° relative to the geographic system (Dineva et al., 2022).

With strike approximately NorttSouth, and dipvaryingfrom 50° to 70° towards Easthe
mineralization is known down tamore than 2000 m depth The $uctural geology is
characterized by several major discontinuitisesme of thenparallel to the ore bodynd some
obliqgue There are alstour major groups of fractures, dipping 80° i) strike EW dipping S; ii)
strike NS dipping E; iii) strike WN®NE dipping N; and iv) strikeS\dipping WEigurel5shows
the approximatelocation ofthe Kiirunavaara mingthe geology ohorthern Norrbotten County,
as well as some of the mastructural geologyeatures
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[ Altochthonous rock (Caledonian orogen)

E Ediacaran—-Cambrian sedimentary cover rock
_~" Ductile shear zone

B Gabbro, metagabbro, diabase (c. 1.8 Ga)

[ intrusive rock (c. 1.8 Ga)

Intrusive rock (c. 1.89-1.84 Ga)

[] svecofennian supracrustal rock (c. 1.96-1.85 Ga)
[ xarelian rock (c. 2.5-2.0 Ga)

- Ultramafic-mafic intrusion (c. 25-2.4 Ga)
[] Archaean rock (> c. 2.68 Ga)

Coe

|

intrusive roc

Svecokarel

Figurel15. Simplified bedrock map of northern Norrbotten County. KNDZ = KiiNaignakka deformation zone,

KADZ = Karesuangirieplog deformation zone, NDZ = Nautanen deformation zone, PDB = Pajala deformation belt.
Inset map: Sk = Svecokarelian orogen, Sn = Sveceg@m 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 rockeeanllagelian intrusive

rocks; thick lines are major deformation zones. From Bergman (2Uh8)red rectangle shows trapproximate

location of Kiruna

Regardinghe local geology in the mine are@ndersson (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, Sp1l,2,4, Sp3, Sp5, Qp, Dp, ardr@A. From the footwall

to the ore, these ciegories were organized as follows:

1 Footwall: Sp12, 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 @fanite, a typically bricked granite within the
deeper parts of the footwall.

1 Hanging wall: Qp, the rhyodacites of the hanging wall, which were all put into one group.
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1 Ore: apatiterich, silicatebearing, and the purest and Hehest types of ore were
merged into this one group.

Table4 summariseshe results achieved by Andersson (2021), in terms of rock strength.

Table4. Summary of the rock strength from the 337 UCS values compiledwahdated by Andersson (2021).

Category Description Strength [MPa]
Spl,2,4 Strong footwall porphyries 370(x100)
Sp3 Nodular footwall porphyry 225(+80)
Footwall Sp5 Altered footwall porphyry 125(x£90)
Dp Dyke porphyry 345(+100)
CAgranite Brickred granite 275(£55)
Hanging wall Qp Hanging wall porphyry 225(x100)
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 rockypes anywhere in the rock mass.

3.1.2 Mining method

Qurrently, the nminingmethod issublevel caving (SLC), and each interval between the sublevels
is 29 m. On each sublevel, transverse crossouth central distance of 24.75 rare developed

from the footwall drifts through the ore. In some cases, where the ore body is narrow,
longitudinal drifts have been usedfter the ore isblasted,it is mucked and dumped into ore
pases

In 2023, the mining levels are at 1022 to 1108anout 800 td®00m below the surface, with

the main haulage level at 1365. fhemining has resulted in more frequent and larger seismic
events over the last decades the mine progressed downwagdlimefors et al., 2022f.or 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 s(@pfackiction

level 907 m)

3.1.3 Seismic monitoring system

The underground seismic systeat the mine is suppliedby the Institute of Mine Seismology
(IMS).

By 2023t consistd of 253 operational geophones with natural frequencies of 4.5, 14, and a
few of 30 Hzand the magnitude of completeness ) is around-1.5 for the production areas
(Dineva et al., 2022]Dn average~5000 seismic eventre registeredlaily, and almos200large
seismic events with Mk1.5have beerrecordedsince 2008 The largest seismic event recorded
in the mineoccurred May 18, 2020, at 03:1llbcal time with Mw 4.2, and wadocated in Block

22, close to ore pass 22frior to May 18, 2020, théargesteventrecorded had a local magnitude

of 2.5 (Dineva et al., 2022).

The system records seismic events automatically, and the parameters of these, enveloiding
52



the dynamic source parameters and moment tens@e calculated routinely by IMS after
automatic picking of the fand Sarrival times Thehypocentre location®f the seismic events

are calculated using a procedure described by Nordstrom et al. 2@&Ec¢ording to du Toit

(2015), he accuracy of the hypocentre location error is on average 28init varies along the

orebody. In the areas with the best location accuracy, the error is about 5 m.

3.1.4 Induced seismicity arid-situ stress

Dineva & Boskovic (2017), Nordstrom et (@017), and Nordstréom 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 miAmduced stresses. Dineva

et al. (2022) processl and analysed a seismic event with an estimated moment magnitdde

of 4.2,that occurred in Block 22, close to ore pass 221. Yimefors et al. (2022) conducted an
analysis of historical minirgduced seismicjt with data from the Kiirunavaara Mine.

In a first overview of the seismicitt the KirunavaaraMine, 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 observedagnitude in blocks 15/16, 28/30, and-33/34. This study
showed a substantial difference in seismicity in thepeoduction blocks, with the weakest
seismic activity in Block 15/1@&ith maximum obseved magnitudeMmax1.6), followed by Block
28/30 (Mmax 2.2), and Block 337/34 as the most active (Mx2.2). The daily seismicity rate
increased substantially through the years only for Bloci8B334.

Nordstrom et al. (2017) studied the source parameters of seismic events polgrgiated with
damages in block 33/34 anctorroboratedthis 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 foaghitude M2 1.5 occurred
between 201101-01 and 202103-31), YImefors et al. (2022) mparedthe magnitude of those
eventswith the stress change in the production aresdter plotting the distribution of the major
principal stress from the numerical models in relation to the normalized distance to production
leved ¢ KS FdziK2NE GKSy Of I &aifFNEBSRI (IKEE 20@86\ a0YSARE
Fa&d2OAl (SfRdtand aratllyaray I 442 0A 1 SRET YR G20 KSNREE
the sources (hypocerss).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 M..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 t the number of seismic events decreasésit a snall 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 & Bawic (2017), Ylimefors et al. (2022) divided the mining
process into three stage&igurel6), 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
reachegshe caved zone; stage Il or full production phase: when mining reaches the zone called
Gwl aAyoNRGOeES GKS YAYyAy3a O2yySodta G2 GdKS Ol @
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reduced on this level; stage Il 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 alseaser due to proximity to ore passes.

Rasinbrott
Hanging Footwall
Wall
"
Opening
Rings Sublevel
Interval
29 m
\
H —
Tm 3m v

Rasinbrott Ring

Figurel6. Section view of a transverpeoduction drift and a typical ring at Kiruna Mine. From Ylmefors et al., 2022
after modifying from Shekhar et al., 2017).

Dahnér & Dineva (2020) studigkde 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 M0 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 regardedirduced by blast.

A study conducted by Dahnér & Dineva (2020) focused on-scal# variations in induced stress
that were thought to be related to larger seismic events as well as development and production
blasting. That studysed the data from a stress cell installed2013 in the production area,
Block 34 Thestress at level 1165 m wasitially 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 stresg;liding the magnitude and direction of the stress, as the
mining progressed downward¥he study covered the period from midily 2015 to miegMarch

2017, and stress changes were analysed before, during, and after 15 seismic events xjith M
1.0.1t wasfoundthat there wasa 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 distainess than 50
metres, nor during 19 of the closest production blasts occurred at distances betweeh3B25
metres.

Dahnér & Dineva (202@escribed 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 mentionedeby t
authors arepresented inTable5 (Dahnér& Dineva, 2020 after Ask, 2013).
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Table5. 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 loteym monitoring was carried out with 3D CSHRCcells,
with data sampling every 15 minutes, which could capture the stesrh variations.Figurel?
shows the changes in miningduced stresses, (, , , and, ) over the monitoring period10
July 201817 March 2017).
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Figurel?. Principal stresses, ,, , and, over the study period 10 July 2015 to 17 March 2017, with a zivoto
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 paamshe 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 25¢135 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 (M1.0) 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 aftéetevent, before it starts decreasing again. 14
seismic events had magnitudes between V01 and M 1.91 and were divided intore
pass events (nine events) and clay zone events (five events). One event was regarded as
blastinduced event and one occurred outside the selection volume (events 7 and 15,
respectively, shown ifigurel8).
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. No response, cell within
aftershock series

Response, cell outside
aftershock series

. Response, cell within
aftershock series

No stress data

myrap
Figurel8. 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 bbeeresponds to future production level and media drift
at level 1165 m. Subertical 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 Wdilr@s in the legend. From Dahnér
& Dineva (2020).

c) Stress response to production/loading in ore passes. The seismic activity during a sample
period (I10 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 factbetobserved
seismic activity. Dahnér & Dineva (2020) noticed a strong relationship between the
curves for principal stress versus timfegurel9a) and magnitude versus timé&igure
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 ore4#ss 3
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 determime th
potential implications for safety and stability in the area.

Dahnér & Dineva &m 2020, found that in some cases, no pattern was detected for seismic
events (referred to as "red eventg'Figurel8). 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 betteerstand

the underlying mechanisms and to develop strategies for managing seismic risks in the area.

The stress cell data is presentedrigurelQa. The seismic activity for the period 1 January 2016
¢ 10 January 2016 is presentedrigurel9b. Figurel9c shows the seismic activity (as individual
events and as cumulative number of events) within a-A@ire cube with the stress cell at the
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Figurel9. a) The monitored induced stresses for the periogd 10 Januarn?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 & A0 (

The major and minor principal stress&sgure20) at 20 m away from the footwatire 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 (eedical

distance from3to 10+¢ seeFigure21) from the numerical model shows a similar trend to the
YIIAyAGdzZRS 2F GKS fI NHS aSAaYAO S@Syida oa x M
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Figure20. Relationship between stress magnitude and normalised distance to production level from a 2D numerical
model. From Svartsjaern (2017).
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to the normalized relative vertical distance to production level in mXrap. From Ylmefors et al. (2022).

3.1.5 Gedogical structuressatriggers for seismic events

Yimefors et al. (2022) described a geological phenomenon related to mining activitweisich

Stage I(Opening Stage3eismic 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 footwalbre contact.According to Zhang et gR021), mining activities can

trigger seismic events and cause geological discontinuities to slip due to changes in stress levels.
According to them, mining in StagéYlmefors 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
SEOI @I GA2y&as a 6FNYSR 68 alft2@8A0K]12 OHAHHOY
I a3Fdatdeé 3IS2f23A01E &0 NHzO G dzNBsoutce IbdatiSnza8ANE R |
3S2t23A0Ft YILIWAYy3I 2N AyStlaadAa0 adtaNBaa Y2RSf
source in the seismic catalogue usually indicates the location of source initiation and the later
larger failure (e.g., slip) can occurather 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 passs
3.1.6.1 Ore passystems

Ore passsystems (Figure&2 and 23) are a safe and economic method commonly used by
underground mines to transpofilastedrock between levels (Bunker et al., 2015). According to
Hadjigeorgiou et al. (2004), usiyabre pass dimensions range from 1.5 to 4 m, which is
equivalent to small tunnelsThe design of vertical or inclined excavations can be more complex
than horizontal excavations in tabular ore bodies when ore pass systantsaverse 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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Figure23. 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 frontoB@2rtical, 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. Thigsithat 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 boriragcording tovan Heerden (2004) hE&re, tis 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 sedamethod involves slipping the original raise bored ore pass to
the required diameter beforsupporting 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 syst®arton et al., 19743s an indicator of rock
mass quality was investigated and some modifications such as wall stabilitg 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 McCrackah Stacey, 1989). However, despite
these modifications, most raise boredaawations 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 9@NMPthe 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, tlaere is
possibility that the virgin sass could exceed the strength of the rock. The example of South
African Gold Mines is illustrated Figure24, where layers of quartzite of varying compositions

are interbedded with weak shale bands and are transacted by occasional strong dyke and sill
intrusive.

UCS
(Mpa)
Quartzite
(90%Q) 300
Quartzite
(70%Q) 200
Shale 30-100
Lava 220
Dolomite 300
Dyke/sill 100-400

Figure24. 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 highsse® 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, syiErtasy 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 howit can have a negative impact on the stability of
excavations in mining operations. Material flow can cause damage to exposed surfaces and walls
throughdirect abrasion and impact, which can lead to instability in the surrounding rock mass.
Ore passsmay sometimes "hangp," meaning thathe materialin them becomes stuck, and

flow is disrupted. Irsuchsituations, it is ot uncommon for operators to use blasting to restore

flow in the ore passThis 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 provicasiaement 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 easypnaintainand enforce while still meeting
production constraints. Ingdition, certain types of ore may be susceptible to hapg when

left stagnant, which could potentially lead to disruptions in production and safety issues.

3.1.6.2 Ore passystemat Kiirunavaara Mine

The mine is currentlgivided into 10 separate production areaamed Blocks (e.g., Block 12)
with a total of 37 ore passes. Each production area has its own ore passigrthgfootwall

and depending on the thickness of the orebody, two to four ore passes are assigned to the area
Theore passesre raisedrilled with a diameter of 3 m andin between levels 1022 1365m

with an inclination of about 60° (Quinteiro, 2018etween then, the distance is typically 30
50metresfrom each othelgroups of 4 with 360¢30 m dstance seeFigure25) in the footwall,

and about 55 to 75 mtresfrom ore contactHellberg & Perman, 2021Thevolumeof the rock

mass between ore passes is called rock pillars (Yimefors et al., 2022). The oreepdssethe

main haulage level 1365 m with a chute so the ore can be emptied into train wagons. The area
down here is calledTappgrupg (chute group).

55-75m

Cx ¥ = 3 ')
30m 50 m 30 m

Figure25. Plan view of the principal layout for group of ore passes. From Hellberg & Perman (2021).
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The ore pass system inirlkinavaaraMine is divided into three sections: 1020 to 1165 m, 1165
to 1252 m, 1252 to 1338 and 1338 to 1365 mas shown irFigure26 (a and b); front and side
views. From the production levels, the material is hauled and dumped vighaaétdump (LHD)
machines into finger raise&igure26c), 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 crushingit is reloaded into the skip and hoisted up to the surface (Sredniawa et al., 2022).

«+—— Ore pass

<+— Impact zone

(a) (v) (c)
Figure26. Ore pass schematic of Kiirunavaara Mine divided into 3 sections. (aM&an{b) Side view; (c) Detailed
view of a finger raise zone. Modified from Sredniawa et al. (2022).

Other shaftsin the footwall includeventilation raises runnindurther into the footwall and
behind the ore pass grogpFigure27 depicts the main infrastructure of the transportation
system in the Kiirunavaara Mine, and the ore passes investigated by Sredniawa et al. (2022) are

indicated.
1/‘! g! Reloading station -
Y\;\\l lower hoists to upper hoists
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Figure27. Main haulage level at 1365 m, in the Kiirunavaara Mine. From Sredniawa et al. (2022).

Due to highin-situ stresses, geological structures, wearfngm the impact of the dumped ore,
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the original diameter of some ore passes increased substantidliytime. 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 locatedan¢he 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 sysenie ore, which in turn

can have a negative impact on prodwdy. 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 passemeasurethat is not feasible for the companypeing emphasised ke

author that would affect the rock transptation. 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 matain 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 resaih disturbances irthe transportation of the ore Quinteiro
(2018) points out that the damage in the ore passesome casedas 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 beit again. The author informs that, according to LKAB (2018), in 2016
and 2017, a total of 200,008 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
volumesof 15,000 to 20,000 fper ore pass. It has to be noted that, irethwork, the authors
investigated alternatives to reduce the cement content of this-igetand to reduce the
environmental footprint of concrete intensive operations. According to the argh LKAB
produces roughly 160,000%0f concreteand shotcretesvery yeayof which around 80,000 #n

are used annually fasre pasgehabilitations.

According to Hellberg & Permd@021) in a technical report prepared for LKAB on April 23,
2021, stressnduced failure in the ore pass walls and damage from abrasion and impact loads
cause increase of the ore pass crgsstional diameter, which in poor rock conditions and/or
with unfavourablgoint orientationsthe diametercan 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 casesttite
authors madehe following conclusions

1 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.

1 Inclination. It affects rock mechanical factors in terms of secondary stresses, and
operational factors in terms of material flow, hangs, abrasion, and impact loads.

1 Crosssectional 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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1 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.

1 Effects from blastin@f hangupsto restore material flow in the ore pass. It affects
stability negatively and causes damage to the ore pass walls.

1 Ore pass orientation in relation to geological structures and stress state. The angle
between the ore pass axis and bedding/foliatiavhen presentshould 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.

1 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.
Geolgyical constraints and operational factors lead to an optimum location, where
the cost of potential ore pass rehabilitation is also included.

3.1.7 Ore passelated seismicity

In the attempt of detecting spatial variations in seismicity parameters depending on production
phases Dineva & Boskovic (201®entified that along the ore passes the events were shear
SpSytaz y2G 2dzad ay2riasSeé 2F FrLiftAy3da NrOlasz o
the ore pasgelated events from the other types of evenfbhe average stress draghowed

increased values on the footwall side and below, mostly around some of the ore pabses.

spatial distribution of El showscreased stresses around and below the production levels and
yielding around and above the production levdlke aeas with increased static stress drop and

El > 1coincide with the locations of the largest seismic events (in the footwall and around the
caving ore passes).

Abackanalysisvas conducted biNordstrom et al. (2019who selected 14 seismic events that
met specific criteria for analysis. Tistudy involved five steps, of which step 2 should be
mentioned here becausé the process of creating a spatial filter to exclude the ore pekged
events, the authors considered the seismic events with hypocentres within a cylinder with a
radius of 30 m as they were attributed as ore pedated events that may have beerustered
around the ore passes. It should be miened that the authors highlighted the challenges of
differentiating ore passelated events from genuine events and the potential uncertainty
involved in this process.

After carrying out stress analysis, Hellb&&erman (2021) defined the required distances from

ore body to ore pass. These distances vary from production level to productionnighiehe
202S8S00GAGS G2 &YAYAYAhdacedif&lGe, haged Sny/failare Eriterd DINI &
YFEAYdzY GFy3aSydAalt aadNBaa oOmunkmpn dableed ¢ & ¢ K
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Table6. Required distances between ore body and ore passes, according to Hellberg & Perman (2021).

Level, Z Required distance
Comment
[m] [m]
1394 170250

500 m with failure criteria based on

1510 200270 differential stresses

1650 300:500 690 m vv_|th failure criteria based on
differential stresses

1795 >250

With regards to the required distances between ore passes in an ore pass group, Hellberg &

t SNXYFY 6HnumMO RSTAYSR (GKS RA&AGIYOSA dzy RSNJ (K¢
at a distance from the ore body where the maximum tangential stridgssf Saa G KIy wmp |
Keeping these distances would ensure that secondary stresses from an ote pasaffect the

ore passes in the vicinity. The distances are summarizethite 7, where three different

scenarios regarding the position of the ore pass group in relation to the ore body are presented.

Table7. Distances between ore passes in an ore pass gangording 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 bor 25

The authors identified thabre 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
RAFYSGOSNE OFfOdA FGSR LI & gKSY aGKS 2B LI &:
GKSNBE (KS YFEAYdzy GFy3Sydalt adiNBaa Aa fSaa
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 YIimeforst al. (2022), large seismic events located between ore passes have the
source mechanism of both fawdlip (shear events) and neshear, and the events located at the
outer side of the ore passes were all faslip type.35 seismic events out of 14&ith M 2 1.5

were classified as orpass associated events. These events have much larger magnitude than
that for the miningfront associated events and they could occur at deep locations, far away from
production.

Yimefors et al. (2022ktated that seismic data analysis and numerical analyses have
demonstrated that orepass associated events are sensitive to minityiced disturbanceas
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 suggestd 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, whicesagith 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 thefootwall-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 @lexed so close to the
footwall-ore boundary because the mine had not experienced large seismic events by the time
the main haulagsystemwas desigad.

The level of confidence the source location is importantn order to to make sure that the

seismic eventdocated around the ore passes can, in fact, be spatially associated to the ore

LI aasSad LG Aa AYLERNIFYyd (G2 O2NNBOGfe RAAGAY:
demonstrate that the problenwith ore passrelated seismicity goes beyond noise, and that

actual seismic events have been imposing the necessity for considering the orecladsd
SPSyida Ay GKS YAySQé akK20L5) Nartiored theSdiffarenStypésdof 9 I NI
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 secongpe 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 eleists.
difference in frequency can be gquantified using the seismic parameter energy index (El). As
mentioned earlier, the El 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 TBgeents based on their frequency
characteristics.

According to Dmitriy Malovichkalrector andhead ofapplied seismologyc IMS Australia (via
personal communication, 2023), a variety of seismic events can be observed around ore passes.
These events can be classified based on the source mechanemaisother parameters as:

1. Single forcdmay be upwards, downwards, or inclined) mechanigmisType 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. Crushtype source mechanismgor Type B. Episodes of sudden stréssturing on the
perimeter of the ore passes or failure/damage of pillars between ore passes.

3. Doublecouple 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 thdirst 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 extracbhedh cases:
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a) Fom source parameters of eventhe product of mass and height of falling rocks can be
inferred from the amplitudes okingle forcefor Type A; increment in the depth of
fracturing can be evaluated from seismic moment for Type B

b) Fom background noise recorded around ore passes, dominant frequencies may be
related to the length of empty parts of the ore passindicating how full they are

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

to associate each crusiipe event with a nearby tunnel, derive a parameter ca¥® , which
represents the change in the depth of failure due to the event, and add up all the values to obtain
B YQ . 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 thesesmic strain filel, which consists of

the following steps:

1) Calculate the cseismic 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 highlguality 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 eseismic 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 intemgiation of the ceseismic strain tensor field

near excavations requires completing the next additional steps.

2) Project the implosive volumetric part of the -seismic strain field on nearby tunnels.
3) Distribute the increase in the depth of failudQ , along the tunnel surface using spatio
temporal mode.

It is suggestedby 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 appooach als
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 efribck 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 tdufiag 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 usifature 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 considereddigr ¢o 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 m@sgpe 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, suctstasar and crush type, can be present in close
proximity to the ore passes. Additionally, the analysis foamgjle forcesources 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 pdsom other sources to better understand its
structural state. The author also noted that while the noise generated by the ore passe®iay
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 sourdeig(ire28).
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Figure28. Example obeismograms 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-oeensidn, where
it is less clear whether this arrival is ore passeamr an actual genuine seismic evéinom 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 noseasfor

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 pas®lated seismicity, revealing that imvolved 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 theseofacire:

1 Geological. Prexisting planes of weakness such as faults and contacts between rock

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

months, or years.
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1 Production practices. This includes blast rates, tonnages]aadions as well as mine
geometry and sequencing, which can lead to stressed pillars that can fail.

3.1.8 Volume of mucked material the ore passes

Sredniawa et al. (2022) stated that the total throughputhe ore passes is a factor impacting

the calibration of the longevity chart. Figure29, 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 notenovated.

The total tonnage passing through (2013 = 2021) Section 1,022 -1,165m
- Section 1,165-1,252 m = Section 1,252 -1,338 m Section 1,022-1,338 m
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Figure29. Throughput and renovation times of the ore passes. Fevatniawa 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 padated seismic events. Dahnér & Dineva (2020)
observed a cyclic behaviour of the stress changes for seperads 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 § carried out semtontinuously 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 oe passagrowth

At KirunavaaraMine, laser scannings and video inspectiomsve been used as means to
investigate in detail the conditions of the ore passesmages obtained fronthe video
inspectionscanhelp in theidentification oftypes of deformation, such as stresgluced failure
(spalling) which wasbserved when excavatingg.,the lower part ofore pass group 22vhere
the rock masgjuality was pooHellberg & Perman, 2021Figure30 showscaptured imagesf
the conditiors of ore passes 223 and 224t approximately level 1200 m.
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Figure30. Images showing theonditions of ore passes 223 and 22&ft: Ore pas223,at level1165 m. Right: Ore
pass 221, at level 1200 Raiseboring was completed in 2012 and, agthime, mining was at level 878 m, through
907 m.From Hellberg & Perman (2021).

Images othe scanned ore passésgether with the source locations of the large C& shown
in Figure31.
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Figure31. Ore pass growth showed by the scanned surfaces. Southern ore pass groups: OP 26 (left), OP 30 (centre),
and OP 34 (right). The large ORiEh source loctionswithin a 30metre radius from the centre of the ore passes

are represented by the spheres.

Formore information on the scanning campaigns ainel large OPE, sesectiors6.4.2and6.5.3
respectively
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4 Ore passelated 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 apartl therefore donot interact, which
makesmost ofthe information found on this topic produced in cooperation with LK ABwvever,

the ore pass system at Kiirunavaara Mine has a layout tispeisiato that mine, whichprobably

has beencontributing toincreased seismiactivity. In this chapter, ore pass stability at other
minesis summarised.

4.1 Brunswick Mine, Canada

Esmaieli (2010nalysedhe 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 reginteegrats
operating practicesThe 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 @sspran damage the ore pass walls, and
blastinduced damage for removal of material hangs 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 atiigvall damage as a result of
material flow in an ore pass.

With regards to seismicity, Esmaieli (2010) stated that it is related to the masdpleidesand

the dykes due to the brittleness of these rock units. It was also noted that extraetii@s over

70% and minin@f deeperzones 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. Howevire éime 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 sectiornfigure 32 provides an understanding of the mine layout and the
distribution of the ore pass systems.
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Figure32. Schematic layout of ore passes at Brunswick Mine (not to 9¢ede) Esmaieli 2010).

One of the case studies in Esmaieli (2010) is related to th2ll&e pass system that serves
mining zones 20 and 21. These mine zones were progressing in an extent to pass each other
(Figure33), which has resulted in high stress state concentration around the ore pass complex
18-21 and seismic activity nearby.

— N
Figure33. Advancing directions of the mining zones 20 and 21 with respect to t##d I8e pass complex. From
Esmaieli (2010) after Andrieux et al. (2006).

The stress analyses performed on the ore pass comple&d &ith 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 passesmafgnitude 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 strass 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 iedustresses 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, Esmaie{R010)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 WilliamsMine, Canada

Earl et al. (2015) carried oainalyseson seismic events recorded throughout three Canadian
underground mines (Williams, Golden Giant, and David Bell) in the period from July 2013 to
August 2014. Thanalysesncluded a failure analysis of an ore pass (ore pas©P7) in the
Williams Mine, which is part of the historic M@ gold mining complex, located approximately
1,100 km northwest of Toronto in Ontario.

The C Zone/Interlake orebody, at Williams Mine, is part of tamH ore-bearing lodegFigure

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 &t75 mRI(metres relative level)

In 2008, there was a failure of OP7, which made dhe 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 pgssngore 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 ipartddlel to the C Zone
orebody towards the northeast. It is noted that this elongatidimection is different from
historical stressnduced 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 tohe north. Figure34 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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Figure34. 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 usgdired events recorded by

more than 11 sensors and have a moment magnitude greater #ah This resulted in a total

of 14 events being used for analysis. Seven of the events were describedibgleaforce
mechanism with positive downward impulsedicating mechanical impact of rocks (Type A
events). These events are shown as smaller saliduredspheres inFigure35. 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 # ES&> 6KAOK | N@e rhaxiniNBiihépal Btfess), 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 arodithe ore pass.

S

Az 328° Pl 0

Figure35. Seismic events recorded around OP7, up to January 2014, prior to OP7 failure. Fhelswill spheres
aresingleforce 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 meaksprofile of the ore

pass, which was a useful indicator of ore pass wear during-éaalkysis. 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 allowsrfthe 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 idi® orebody strike.

4.3 South African ultr@leep mines

A South African program called DEEPMINE Collaborative Research Programr&#0Q)9éd

the premise of developing the technology and competence to mine gucke safely at ultra
depth (3 to 5 km). One of the findings of the program was that high virgin and rindoged
stresses in South African gold mines, in the Witwatersrand basin, could cause the veadls of
passes to spall, leading to the deterioration and failure (Vieira & Durrheim, 2015). The authors
of the study in question concluded that excawgtand supporting shaftand stope rock passes
(sub-vertical excavations madeelow stopes to allow for the transfer of rock from stoped faces
by means of gravilyat great depths (up to 5 km) is feasible, provided that the rock conditions
are not particularly adverseThe authors mentioned that numerical modelling was used to
develop practical approaches to reduce the riskoo# pass failure, specifically by jadting
mining layouts and sequences. The stability of tine passes is said to depend on the overall
layout design, which suggests that the way in which the mining operatiansrgianized and
planned can play a crucial role in ensuring the stability and safety afrthgasses.

Ideally,according toVieira & Durrheim(2015), ore passes at ultralepth Figure36) should be:

a) Placedm 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 suitalyke pasgrock 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 reducimpact shock;
and

f) Regularly monitored and maintained tri-rock pass systens recommended to enable
regular monitoring and rehabilitation.
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Figure36. Best practice for ultr@leepore passes. From Vieira & Durrhe{@015).

Vieira & Durrheim (2015) discussed the potential risks associated with deidad extraction

in mining operations at ultr@epths. The authors noted that the rate of extraction would be
potentially higher in stopes subjected to douldeled extractionsywhich 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 aloublesided extraction sequence at ultgepth. Therefore,

the authors suggest that care must be taken when planning desilled extraction operations,

and that these potential risks must be carefully investigated prior to the implementation of such
a £quence at ultradepth.

4.4 A case study on ore pass noise

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

1 Multiple, spatially superimposed sources of seismicity.
1 Sources of seismic noifieat 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 frequengyagnitude relation. According to them, an undstienated
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 grlohsed 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,shismicity 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 presencef tipping noise may result in underestimation of local seismic
hazard.

Woodward & Tierney (2017) described the result of a-gaded assessment of seismic hazard
around two ore passes, A and B. The number of seismic events neighbouring each grid point is
shown inFigure37a, and the probabilistic seismic hazard for the best fit distribution is shown in
Figure37b. Seismic hazard is expressed as the annualized probability of an event greater than
M. 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 oreRetssore passes
exhibit bimodal frequencynagnitude distributions, but the seismic hazard surrounding ore pass

B is much higher than that surrounding ore pass A.

Event Count

P(M, > 1.5, 1 year, 100m radius)
]

Ore Passes

Figure37. 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 pagpa®38 shows

the frequencymagnitude 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 aroungass B is more likely to
generate larger events than that around ore pass A.

OrePass A Ore Pass B
Individual Fit Parameters Individual Fit Parameters
08| RSSpin: 0.012 RSS2 0.011
GR,, Contribution: 8.5 % GR,, Contribution: 5.5 %
06 GR; b-value: 1.93 GR,, b-value: 1.04
P(ML > 1.5, 1 year, 100m): 2.7 % P(ML > 1.5, 1 year, 100m): 87.9 %
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Figure38. Typical frequenaymagnitude 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 comprisesthe analyses conductedn specific volumes created in mXrap and
subsequent characterisation warkhese volumes correspond to the ore pass areas in the
northern and southern areasof Kiirunavaara MineTheNorth area includthe ore pass groups

in the productionBlocks08, 10, 12, and 15The Soutlarea includs there pass groups the
productionBlocks26, 30, and 34

The characterisation work was conducted taking into considerati@engpatial distribution of

the source parametersuchas energy index, apparent stress, cumulative moment, cumulative
energy, cumulative displacemerdnd cumulative apparent volume of the OPE with M-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 ndipe ( HK-@.5)from the
so-called genuine seismic events (M -0.5). The Arge OPEvere considered as havirlgcal
magnitudesM_ x  midlme with previous studiesUltimately, 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.

Figure39 showsa flowchartthat summarises the methodologysed in this work
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[ 1. Selection of the study areas ]

—

Northern production blocks: B0S, Southern production blocks: B26,
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I L 1 |
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7. Possible effects of ore pass | [ Rehabilitation
practices on seismicity Rock filling

Figure39. Summaryf the methodology used

Thefollowingtopicsdescribe in detaikachstep in the flowcharshowed byFigure39.

1: Selection of thestudied areas.

1 Selection of production blocks: northerproduction blocks(08, 10, 12, and J5and
southernproductionBlocks(26, 30, and 3%

2: Creation of volumesn mXrapcontaining the ore pass groups of tiselected production
Blocks.
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Information on the periods when the ore passasach volumewere fed with mucked
material (production), under rehabilitation, and rock filled.

Time flter with all seismic events with Mk-1.5, from November 2008 to March 2023.
Since the ore passes are located in the footvia#, hanging wall eventaere excluded.
Filter withall seismic events with Mk-1.5 occurredwithin the period corresponding to
the mucking activitiegproductionin the ore pass growgselected.

3: Definition of the seismogenic zones.

T

Togeta first impression of thextent of theseismogenic zoneaglated to the ore passes
an analysis of the cumulative number efents was done for a 18@etre radius from
the centre of the ore passes.

The tool Event Density Isos was ugedhXrap A30-metre radiusfrom the centre of the
ore passes wathen definedasa standard for theharacterizatioranalyses

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 magnitadges in which
patterns could be observed.

T

T

Principal Axes Density plots were used to check the direction of the pressuraralars
different magnitude ranges.

Hudson plots were generated to make known the types of focal mechanism of the OPE,
under different magnitude ranges.

Gridtbased analysis. To visualize the spatial distribution of different seismic source
parameters(energy index, apparent stress, cumulative moment, cumulative energy,
cumulative displacement, cumulative apparent volyraad bvalue 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.

FrequencyMagnitude (Gutenbergrichter) charts were used to identify, for each ore
pass group, differences imdalue in different magnitude ranges.

5: The volumes were divided into depth zon@4: from -1000 to-1200 m;Z2 from -1200 to-
1400 n) to check possible variations, with depth, of the characteristics above mentioned.

6: Correlation of the available mucking/loading data, from sieéectedore 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.

1 Analysis of the relationship between seisraativity (number of seismic eventsN) and

volume ofmucked material(M) in the ore passes.
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0 Thepossibilityof a relationship betweerN and M was investigatedusing the
production and the seismic data mXrap provided by LKABIhese variables
were analysedn graphs generateth Microsoft Excel.

o Similar analysifor analysinghe relationship betweernreleasedseismic energy
(E)andM was done for ore pass grosf0, 12, and 34

7: Checking of pssible effects obre pass practicesdhabilitation and rock fillingon seismicity.
1 With the available information  the periods when the ore passes were under
rehabilitation or rock fikd, possible impacts of theggacticeswere investigatecadding
such information tahe graphs generated i6).

It is important to mention that all analyses involving large seismic eweantsidered the events
with M m dipYdmefiora 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)and between N and radiated seismic ene(gy for some of

the OP groups studiegland a brief characterization of the large OPE.

The necessarydata for the development of this workvas accessedrom the LKABseismic
database TheanalygswereOl NNA SR 2dzi dzaAy3 !/ DQ&a az2Fidsl NB
where most ofthe figures were generatedVlicrosoft Excel was also used for the analysis of the

data and for the creation of graphé seismic event was considered as QfHEwas located

within a 30metre radius from the centre of the correspondinge passes (roughly, the cooé

the event densitig). The referred30-m distan@ corresponds to the seismogenic zone and was
defined after analysinghe event densitiesof the seismic events in the footwall and the
cumulative number of events, which is discussenhare detail insections §.1and6.2).

For the characterization of the ore passdated events the footwall seismic events were
restricted to thoseevents of magnitudevith M 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 20231, 23:59:59The extension of the
seismogenic zone was determined, and gweircecharacteristics 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 suadapparent stress, energy index, cumulative
moment, cumulative energy, cumulative giacement, cumulative apparent volumand b-
value. In addition, the history of the ore passes was taken dotusideration i.e., number of
times each ore pass was rehabilitated and whtegy were rockfilled, and whenthere werelaser
scanning campaigns (whéme information was availab).

Thecharacterization of the pressure axes and the focal mechangassdonewith the aid of
plots (principal axes density plots and Hudson diagrams, respectivelgryingthe magnitude
of the eventsand examining chareg inthe directions of the Raxes andhe type of mechanism.
The changes were followedfor different scenarioswith production and without production
(when a smaller number of ore pass noise events is expected).

A change in fvalue was also observed for different magnitude ranges, in both scenarios.

6.1 Spatial distribution of the ore pasdated events and determination of the
seismogenic zone

In order to define what seismic events shoulddbedied in thecharacteriation of the ore pass
related events, first, the seismogenic zone in the ore pass groups was identified using the Event
Density Isogrfacesplot in mXrap, followed by an analysis of the cumulative number of events
within a radiusup to 180 metres from the centre of the ore passes. The seismic events
considered for the analyses were the footwall events with?M1.5. Figure40 shows the Event
Density plots for Blocks 12 (North) and 34 (Soutlote that the shapeof the areas with lower
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density vary considerably.

B12

¥

Ty

Figure40. Event Densytisosurfaces (number of events in a 100 x 100 x 100 m cube) of the footwall seismic events
(ML2 -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 ugiagotal number of eventsleft Y-axis

the cumulative number of events up to a distance of 180 m from the centre of the ore passes
was plotted Figure4l). 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 reasaadius of 30 m was
definedas the radius of theeismogenic zone of there passgyroups

B12 ML 2 -1.5 B34 ML> -1.5
250000 400000
IOE 9(r
£ 200000 . 2
g , § 300000
2 150000 g
o S 200000
£ 100000 o 3
2 2
Z 50000 o 5 100000
0 0 y
a) b)

Distance from ore pass centre [m] Distance from ore pass centre [m]

Figure41. 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 pedodespondingo productionin

the ore passesfrom Z =1000 m to Z =1400 m. Later, the following analyses focused on the ore
passrelated events, which are the events within a-@@tre 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 from12008to 2023-03-
31in the footwall, where the ore passes are located. @halysisonsideredall M x-1.5 seismic
eventslocatedin the footwall, excluding the hanging wall event$he magnitudeM, =-1.5is
the average magnitude of completeness for the whole mine (Dineva and Boskovic, 2017).

Within the analysedperiod there are4,142,79 eventsseismic events with Mx-1.5 in the
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footwall, 61%o0f whichare related to the ore pass€seeTable8 and Figure4?2). In total there

were 112 seismic events in the footwallth magnitudes M? 1.5. 25%of them (28 events) were
OPEFor the analysis purposeélse footwall seismic events wemmunted in5 magnitude ranges

(Rg1 to Rg5Table8). Magnitude ranges Rg4 and Rg5 are used to roughly separate the genuine
seismic events from the ore pass noise, Rg4 being the largek{0/5) ¢ or genuineg events,

and Rg5 the smalleryj ® p L <QK).5xaevents; or ore pass noise. The magnitude5 is defined

as a boundary for the most OPE later in this chapter.

Table8. Summary of the footwall and ofgassrelated events (OPE) by category (R1 to R5).

Footwall seismic events

Magnitude range Focus Number of events (N) %
Footwall 4,142,279 100
All events MLx-1.5
Ore pasgelated 2,525,918 61
Rol M P Footwall 112 100
LK P Ore pasgelated 28 25
Large Footwall 89 100
2 M O 9a
events Ry p LA Ore pasgelated 21 24
Ro3 MDD LIRS Footwall 22 100
FYR Ore pasgelated 7 32
Larger Footwall 106,755 100
events Ry Mwx-0.5
Ore passrelated 26,048 24
Footwall 4,035,524 100
Smaller o M op LoK.5a
events Orepassrelated 2,499,870 62
Period: 200811-17 to 202303-31
Ore pasgelated events (OPE)
100
n
%’3 61 62
@©
=
o 50
8 32
& 25 24 24
0
All magnitudes Rgl Rg2 Rg3 Rg4 Rg5

M, %-1.5 MK Mdpbp R9am Pp, IR.5aM %-0.5 -m dp | H).5a
Magnitude categories

Figure42. Number of ore passelated events (OPE) in relation to the total number of events in the footwall per
magnitude range/category (Rgl to Rg5) as describdalie8.
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Part of he mine infrastructureisrepresented bythe blue lines(FiguresA3 to 49, illustrated on

a vertical section, looking east, correspondingthe areabetween levels849 and 1365 m,
includingthe ore passesthe upper row of ore passes is related to the haulage level 1045 m, and
the lower row is related to the current haulage level, 1365Agure43 shows the density of all
seismic events in the footwallhe highestlensity valuescoincide with the ore passes, especially
between levels 1022 and 1365 imhe large footwall events (M 1.5) and their densiés are
shown inFigureg&igure44 andFigure4s, respectively, and the largePEM_? 1.5) are shown in
Figure46.

Density 150!
o3 150 Level
50,000
40,000
30,000
-5002
24,500
) 20,000
i
1
il Ii T N Y S Y | N [
i ™ I A 15,000
b - i 12,200
‘ﬂ it il ’ F 10,000
L | !
S 7.000
B26 B30 B34 N ...
-t 4,000
20002 3,000
z N — - 2,450
bk
— 2,000
myrap
25002 | 500Y 1000 Y 1500 ¥ 2000 Y 2500 Y 3000 Y 3500 Y 4000 Y 4500 Y | 1,500
IGrid spacing = 25; Total number of gridpoints = 308128 "’
[Effective Event Time Range: 2008-11-17 00:00 — 2023-03-31 23:53 T 1,220
Using Base Filter - Event Range Filter: M,: -1.5 — ...; Location Error: ... — 15;
Isosurface Levels (events/10°m?) - 1:1000 2:10000 3: 25000 4: 50000 —- 1,000

Figure43. Event Density Isosurfaces (number of events in a 100 x 100 x 100 m cubefofutmelll events with M
%-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.

FromFigure44, it can be seen that the large events in the footwall (Rgl) occur more frequently
on the southern side of the mine.
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M.: 1.5 — ...; Location Error: ... — 15;

Blast Filter: Usihg Event Time Range Fiter; Using Event Location Range Fiter;

° o e

Figured44. All M2 1.5 footwall events (Rgl) 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 legemdtbe right.

The density of the large seismic events (Rgl) in the footwall is shdviguire45. In comparison
with the analysis of all seismic events showFigure43, it reinforces the observation that most
of the seismicity in the footwall is associated with the ore passes.
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ilter: M.: 1.5— ...; Location Error: ... — 15;

Using Base Filter -

Event Range Filter:
(events/10°m?) - 1:0.427 2:2.39 3:5.53

T 0.5

—-0.43

Figured5. Event Density Isosurfaces (number of events in a 100 x 100 x 100 m cube) for all large footwall events (M
x-1.5¢ Rgl) from November 2008 to March 2023 between levels 849 and 1365 m on a vertical section of the mine,

looking east.
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Figure46. Ore passelated events (OPE) with magnitude. M 1.5 (Rgl) 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 passated events
6.3.1 PrincipalAxes Densitplotsand 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 bloctsdcihe 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 sigmalflthe events are ore pass

noise their pressure asewould correspond to a singferce orientation ¢ 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 doobjde

types. Onthe other hand, the ore pass noise mechanism type would be of tensile type, which
corresponds to a singit®rce mechanism.

The following figures show the Principal Axes Density plots for each ore pass group @igures
and 48 ¢ northern and southern ore pass groups, respectively), and the Hudson diagrams
(Figures49 and 50 ¢ 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)-0382B is

the end for the data used in this study.
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Figured?7. Principal axes density plots (pressure axes) of the orengéested events; Lower hemisphere and equal
angle, northern ore pass groups. Left: seismic events with magnifuiekM. <-0.5. Right: seismic events with.M

%-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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Figure48. Principal axes density plots (pressure axeé) of the orenegteted events; Lower hemisbhere and equal
angle. Southern ore pass groups. Left: seismic events with magnrituskéM <-0.5. Right: seismic events with.M
%-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-tosiabntal
direction.
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Figure49. Hudson diagrams showing the types of mechanism of the orenedsted events. Northern ore pass
groups. Left: seismic events with magnitudes XML <-0.5. Right: seismic events with.M-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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Figure50. Hudson diagrams showing the types of mechanism of the oreneteted events. Southern ore pass
groups. Left: seismic events with magnitudes ¥V <-0.5. Right: seismic events with.-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 passated events with varying depths

The volumesn mXrap were divided into two depth zones (Zrbm -1000 to-1200 m;Z2 from
-1200 t0-1400 nj in order to investigate possible variations in seismic characteristics with depth.
Figure51, a and bjllustrates the two depth zones created for ore pass group 34.
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Figure51. Vertical section view of ore pass group 34, between levels 1022 and 1365 m, looking east. Event densities
divided into depth zones. a) Z1:000 m to-1200 m. b) Z2:1200 m to-1400 m.
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Figures52 and 53 show the Principal Axes Density plots per depth zonén B12 and B34,
respectivelyfor two magnitude ranges (smaller and larger ore pedated events)in OP group
12, horizontal Paxes start to appear in the plot at M -0.4, whereas in OP group 34 the
horizontal axes appear at M -0.8. There is no change with depth for both magnitude ranges.
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Figure52. Principal axes density plots (pressure axés) of the orenetested events; Lower hémisphere and equal
angle. Op group 12. a) and b) Z1; c) and d) Z2.
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Figure53. Principal axes density plots (pressure axes) of the oregdated events; Lower hemisphere and equal
angle. OP group 34. a) and b) Z1; c) and d) Z2.

Figuresb4 and 55 show the Hudson diagram#or different magnitude ranges per depth zoire
OP groupl2 and OP group 34, respectivefgy two magnitude ranges (smaller and larger ore
passrelated events).There is a ltange in the type othe source mechanism with depth
depending on magnitude rangk OP group 12he type of the source mechanisthanges from
mostly tensile failuréo mostlycompressivdailure with depth from around M-0.4, whereas in
OP group 34 the change happeinsm around M -0.8. There is no change with depth for the
larger eventsthe type of the mechanism remains compressive failure
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Figure54. Hudson diagrahs showing the types of mechanism of the orengéaed events. OP group 12. a) and b)
Z1; c) and d) Z2.
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Figure55. Hudson diagrams showing the typeswdchanism of the ore paselated events. OF; group 34. a) and b)
Z1; c) and d) Z2.

6.3.3 Spatial distribution of the seismic source parameters of the orerpkged events

A gridbased analysis in 2D (plabased analysis) was performadmXrap to describe the spatial
distribution of the seismic source parametergthin the whole period200811-17 to 202303

31). For all cases, three planes were created: one plane parallel to the ore passes and two
perpendicularfAppendiceA and B; sectionsll.1and11.2 respectively. For the analyses, all
seismic events in the footwall with Mk-1.5 were considered aiming to identify a difference
between the ore passelated seismicity and the regular seismicity in the footwilgure56
showsin perspectivethe planes createdor OP group 34san example.
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Figure56. View of the planes generated for the ghidsed analysis in mXrap for ore pass grouplatk 34.

Thefollowing figures show the spatial distribution of thealysed parametenwithin the period
200811-17 to 202303-31.

1 Proxies for stress: average apparent strédgyre57) and average energy indeiigure
58).
In general, the northern ore pass groups (12 and 15) show the higiagstsof both
apparent stress and energy index around the ore passes. The apparent stress for the the
larger events (IM-0.5) is particularly higheat ore pass groud5, in depths similar to
that of the region corresponding to the production leuitthe southern ore pasgroups
strong contras$ in apparent stress amh energy indexvalues can be notedwhen
comparingthe resultsbetweenthe filter with smallereventsand the filter with larger
events.

1 Proxies for deformation: cumulative apparent volumeFifure 59), cumulative
displacementFigure60), and cumulative moment{gure61l).
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 higlzdues

1 Cumulative energyHigure62).
The distributions of cumulative energy are similar to those of cumulative apparent
volume, cumulative displacement, and cumulative moment, with larger events showing
highervalues

1 Parameter associated with magnitude frequency distributiowalue Eigure63).
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Using a filter for onlyhe smaller events-1.5X¥M. <-0.5)it can be noted thathe highest
valuesare distributedaround 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.
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Figure57. Gridbased analysi®f seismic event density oplanes containing the ore passes (parallel). Spatial
distribution of the average apparent stress for ore pass groups in Blocks 12, 15, 26, 30, lagftl @lumn: seismic
events with M x-1.5. Middle column: seismic events with5>XM. <-0.5. Right column: seismic events with ¥

-0.5.
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Figure58. Gridbased analysisf

the average energy indeon planes containing the ore passes (parallel). Spatial

distribution for ore pass groups in Blocks 12, 15, 26, 30, ande3ticolumn: seismic events with.M-1.5. Middle
column: seismic events witll.5XM.<-0.5. Right column: seismic events with 0.5.
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Figure59. “G"r‘idbased analysiéf the cumulative apparent volumen planes containing the ore passes (parallel).
Spatial distribution for ore pass groups in Blocks 12, 15, 26, 30, ah@f84¢olumn: seismic events with.-1.5.
Middle column: seismic events witth.5XVL <-0.5. Right column: seismic events with ¥H0.5.
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