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Abstract: The continent of Australia is wholly intraplate and has one of the world's highest
rates @ intraplate seismicity there is evidence that much of this seismic activity is associated
with mining activity. Significant earthquakes have occurred near operating or historic mine sites
throughout Australia, andhére are numerous reports frorther @untries of earthquakes
induced or triggered by minindJsing the criterion that earthquakes more tharkr80from

mi nes were fAnat ur al eeartaguaked induted bygear nsifes Qrtleppr om t h
(2005) determinethat 98% of the earthquakesnagitudes 3.5/ 4.0 (M), recorded in 50 years

in the KaapVaal craton of South Africavere associateavith mines.Ortlepp's 36km criterion

is applied to the Australian earthquake and mine catalogues to makaménairgl survey of the
geographical i.e., sp#al, association ofthese two phenomenahe data consistf 2,259
earthquakes r om t he [ A u intthe anagnimdeangee 33DM @703, during the

period 1802 0 1 1 ; 1,273 #fAhistoriciA m{GeasienceAasmatia, 359 N
201]). The resulting map of Australimploys a colour code to display the proximity of
earthquakes to minegreen earthquakes and blue minesearthquakeanine pairs separated by
>30km, andthe redred earthquakemine pairs are separated byB80km.. The mapexhibits a
regional diversity: the green earthquakes and blue minetaialye well dispersedacross the
continenf but manyredred earthquakenine pairsoften occur together irestrictedpatches of
intense activity Independent \@dence siggests that hb the M6.3M6.7 (3 evens) 1988
Tennant Creek earthquake sequence and th& R{BLO Kalgoorlie earthquake are related to the
historic & continuingintensve hardrock gold mining at thee sites Sydneyis ringed with red
patcheghat tracethe outcrop othe lllawara Coal Measurgand isolated red patches extend to
northern Queensland ama southerrvictoria. There is aed patch in the olchardock mining

region of northwestern Tasmania and a mixture of red&green seismicity in the Flinders Ranges
& Adelaide Hills, SA. The red patchegpreseniconcentrations of geographity coincident
earthquakemine pairshatwould not be expected frorthe correlation of two independent, i.e.,
un-correlated, populationsf mines & earthquakesThis suggests thahese earthquakes are
minequake$ thatthere is some necessagciprocalconnection between the typlhhenomend

either that thamines cause earthquakiesthe sense thdhe earthquakewould havehad a low
probability of occurring had the mine not been dg; or that, on a geologic time scalé¢he
earthquakeshad causé the mines by uplifting the topography by thrust faultingthereby
exposingore as outcropo be minedor, both Mining causes a significant fraction of Australian
seismicityi recognizingth s i s a necessary step to separatin
the others.

Keywords: mine, earthquake, Australiantraplate induced, triggeredseismicity Tennant
Creek, KalgoorlieOlympic Dam

Introduction: The continent of Australia is wHhglintraplateand has one of the world's
highest rates ahtraplate seismicity(McCue et al. 2008) there is evidence that much
of this seismic activity is associated with mining activity (Cranswick 2011).

For example, the 22 January 1988 Tennant CEsekhquakes sequence, consisting of
three of Australia's largest earthquakes, magnitudes 6.3, 6.4, and 6.7, withioar 12
period, created two fault scarps with a maximum height of 1.8 m and combined length
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of 32 km (McCue 1990) and excited the intexsseismologists worldwidé hundreds

of scienific papers refer to i{Google Scholar Searck011)7i it is one of themost
famousintraplate seismic everst Crone et al. (1997) estimated these earthquakes have
a recurrence interval of ~100,000 years inatvBohnston (1996) classified as a stable
continental region (SCR). Searching for seismicity precursors, Bowman (1997) states
Athe epicentralllay eas éhiagdmibce epr ivothertham 198 6 0
noting their @&plosions as seismic sourcespman, like nearly all investigators,
ignores the seismogenic potental the many Tennant Creek mines whosegomg
deformationhad already been obsemd by the mining industry (Szwedzicki999;
2001)

Tennant Creek was founded in 1932 as a mining tdunng the last Ausalian gold
rushi Figure 1 shows that the surrounding district within a radius of abokin3i3
riddled with minesi it was once the "8 largest gold producer in Australia
(ResourceStocks 2009). One of the town's most productivesmiables Nob (2.1
million tonnes excavated, 194®85), began as an underground mine, but after a crown
pillar collapse in 1965, it was shut down anebpened in 1967 as one of Australia's
first open pit gold mines. After the mine was closed 1985 (amg@uimps probablthen

shut off), the open pit began to fill with watéra year later, earthquakes started
happening about 30 km away, near the site of the 1988 epicentres.

L Great Bear I‘-1|ne

E_.%Hidde Mwsbary Mine : Maﬁnt r-1a| gal et_l:vhne
| Lnr:ég‘}\vl

f
. bekyistrike Mine

‘s 0% Oceidental Mine Y
“ortanda Eagt Mive | !
Handa Eagt Mife
N 15 km
S
Qualts H|II i Clept Gift Mine
L]
'5'- ‘ Boundary B
The Pebbles {Kunjarr.a} White Hil BURCSEF SO
"."u'] it H || B -
.ﬂr‘go MII"IE.' '..‘5 o " . . wte Rl Gare o
“TemPypldrerSn Mine - taﬁb” Hill Wiitin Mldu:lle Bore -
" \T H‘h . Rpsebud HII‘IE Elusjy¥e Finpemal M'”E@uun Cleland .ﬂnwl Anna Mine '
EAROEE L7 Grays Bluff Nev%ln Doubt Mine
e Capper‘head Mlne GUrmn Rldge
Mascob i .
. P

~Gigantic Mine 'L

il I‘-1arnrnnrh Mine y

Caraling Mine—- R Blue Maan Mine

T"—'E DE“‘E‘Q” Dot Mine '
TennantCreek Tenna
1o

54 -ﬂ'ﬂﬂﬂ ne | e ?ﬂMlne

UEE IEEI:—‘S Tme Blue HIr‘IE-.. My Lady Mary Mine"
New Moo Mine

Wnlsele'_.- Mine F=1r:r:au‘ur'u"n.w,.-I Mine o
Te nnan‘t—?re k Kicra Mine penate Mine
Gibbet Mine S il anrnet Mine . o .
Skipper Hlll . Hc.smet Mll : Suu'lhe Star Mine - -ﬁaﬁ;aw:-hne
T auat Sarnuel f oldeg,f ine
Westwood Ho Mine l* El Daradg - T Moynt Rugged
Eouthern Cross Ming T ET&M'HECaE Whisk Jakear Mlnf o
Eldarada Mi Mobles Mok - b HT -
A\ Government Bore [ “o AR Mine
________________________ - Bées Knees Miney & i ™ s
Red Terrar Mine

Riging Sun Mine—wm =
"
Garden Wedge Mine %

Figure 1 Map showing Tennant Creek mines (modidiftdr <maps.bonzle.com> 2011
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This paper is addressed to the Australian public: it reports on a preliminary survey of the
geographic, i.e.spatia] association of mines and earthquakes in Australia, using data
and tools available to the public. The data were obtained from thieeodatabase of
Geoscience Australia (2011), and analysed and displayed with MicroSoft Office Excel
2007 (Wikipedia#1 2011)The paper focuses on simple empirical relationshgsed on
everyday intuitions oftonnection& causality, rather than on more colex models
requiring more constrained datadamore expertis€ whenemployed, technicaterms

in italics are explained The global context of Australiageismicity is summarised
below.

Australian Seismicity and Plate TectonicsEarthquakes are an ineafite consequence

of continental drift or, more precisely, plate tectonics. The surface of the Earth is broken
up into about tedarge (1,00010,000 km wide and00-400 km thick) more or less

rigid, relatively cold andesilient, lithospheric plates that awe slowly (210 cm/year)
around the Earthsupported by the hotter, vis@lastic material of the athenosphere
below and driven by its slovmoving convection currents. bdut 99% of global
earthquakes armterplate earthquakes thaoccuri between the ptasi at the plate
boundariesvhere the platestick/slipagainst each othas they jostle each otharound

the planet.

By contrast,intraplate earthquake®sccuri within the plates i at some distance from
plate boundariesAlthough the distinction beteen interplate and intraplate can be
problematic near boundaries, in the case the of Australianneomtithe nearest plate
boundaries arseveralhundredkilometresnorth of northern Australi@r more than a
1,000 km east to New Zealand; hence, all thartbquakes examined here are
unambiguouslyntraplate

Table I. Earthquakes near Mines in Australia Significantintraplateearthquakes
have occurred near operating or historic mine sites in Australia

Time Place Magnitudes Reference

1988 Tennant Crée NT  6.3,6.4,6.7 McCue (1990)

1989 Newcastle, NSW 5.6 McCue et al. (1990
1997 Burra, SA 5.1 Mountford et al.(1997)
2006 Beaconsfield, TAS 2.1 Examiner (2006)
2008 Korumburra, VIC 46,46,44 Bathgate et al. (2009
2010 Kalgoorlie, WA 5.1 Hao (2010

2010 Cleve, SA 48 Love (2011)

*occurredO5 July 2011 after datasetsdownloackd andnot includedn analysis.

and various events are documented at coal mines in Queenslgn1¢Kavanagh et
al. 1995 NOTE references in Table | above acted asreports on the respective
earthquakes but these reportanay not evenmention mineg. These events ara
representative sample of earthquakpatially associated with minesk the list is not
meant to bexhausve.
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Cranswick (2009) discussdiaree earthquakes in other countrieduced or triggered by

open pit mining. Cranswick (2010) emphasizatie fact thatthe M5.0 Kalgoorlie

earthquake, thdarges(?) earthquakeat an Australim mine occur r ed at Aust
largest, hardock, open pit minei | ess t han a mther midestselfl engt h
McGarr et al.(2009 st at e, APerhaps the most straight
potential for seismic deformatidne., earthquakesi$ the size of the region over which
an[engineeringla c t i v ikteys épdndahey present geomechanical analyses to

quantify the scale of the stress perturbations produced by miningeudistance range

over which these perturbations can induce seismic events in the surroroekngass,

i.e.,country rock.

Ortle p p 6 &«m Griferion Separates fiNaturaldo from Mine-Related Seismicity.
Ortlepp (2005) reports tham ithe Kaapvaal craton in South Afda, only 8 of the 378
magnitude3.5 4.0 (M.) earthquakes recorded in 50 years were "natue)"more than
30 km awayfrom mining activity; hence, 98% were near min€stlepp, a world
renownedrock engineer, chose 3®n as the critical earthquake/mine interaction
distance not for geomechanicakasons, but rather becaubere were large location
errors in the South Aitan earthquake catalogue, and furthermareircle with a radius
of 30km encompassed at least fiseparataninesat the timeand, thereforeno single
mine owner could be held responsible fatamagingearthquakegecognised to be
caused bynining (Wolfgang A Lenhardt personal communicatidz011).

MineQuake Map of Australia: Ortlepp's 3&km criterion was applied to the Australian

earthquake and mine catalogues to make a preliminary survey of the geographical
association of these two phenomenasee kgure 2. The data consisted of 2,259
earthquakes from the fAAustr alOM®A3,duengi ono i r
the period 1800 to 20 May 2011 (Geoscience Australia 20llaccessed aline
{20MAY2011}; Leonard 2008 describes the earthquake catajpguel , 2 73 A hi st o
mi nes; and, 3 5 9 (Gaostipnee Audtralia godl {IBMAY2041An

Exc e | Wor kbook named A Mi.en easenblece foom wriical wr it t
components providetly David Kimble andvirginia R. Ward) to calculate the great

circle distance between all earthquakime pairs flag those pairs separated by |30

or less, andlpt the results on a map.

All MineQuake maps in this paper are polar projections o@adesian(East, North)
axesin unitsof kilometers. Figur@ is centred on Alice Springand covers the widest
expanse of all the mags at the range of 800 km (indicated on theaxes)which
encompasses all of itsap features, map distortiagless thar8%.

Circle&Cross Colour Code of MineQuake Maps: Earthquake epicentres are
represented byircles scaled in size tcaghquake magnitud@ater explained)

circles are earthquakes80 km from all minesied circles are earthquakes <Bf from

at least one mine, henceninequakes The locations ofmines Ahistorico i
i oper at markpd hy the symbols; and 'X', respectely. Mines >30 km from

all earthgakes areblue, mines <30 km from at least one earthquakerace The
MineQuakesmaltscale,detail maps that followWFigures 35) are centred on different

named locations and vaity rangeas indicated on the East, North axes.
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Distance from Earthquakes to nearest Mine in Australia
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Figure 2. Map illustraing Earthquake-Mine pairs 2
the proximity of separated by 30 km or less ”/
earthquakes tomines in are indicated in red. ;
Australiai the epicentres
of 2259 earthqualsawith
magnitude CB.5 since 6
1800 i n t he
regiono (C 5
Australia 201} are shown
as circles scaled in size to 3.5
H 30-km Scale

earthquake magnitude
(see text) Green circles
are earthquakes >30 km
from all minesyted circles
are earthquakes <30 km
from at least one mine
hence, minequakes The
locations of 1273
"historic" and 359
"operating" mines are
marked by the symis
'+' and 'X', respectively
(Geoscience Australia
2011) Mines >30 km
from all earthquakes are
blue, mines <30 km from
at least one earthquake are
red. (Figure generated by
MineQuake). 30-km Criterion after Ortlepp (2005). 2500 Mine & Earthquake cataloques: Geoscience Australia 2011.
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Oz Dreaming €é | mpr essi ol 3he didtribuBom bfsnmés&i t y & Mi 1
earthquakes outlines th&ustralian continent fairly well (courtesy of Geoscience
Australia for having already filtered thecations of théi A st r al i an Regi ono e
dataset)in a diverse mix of colour$ & blue: earthquakes & mines apart
red&red: earthquakes&mines tagyetheri but there are several largeeas (~500 km
across) of white space i.e., nho mines or earthquakes 2) The larger
earthquakes, >M6 (including the largest, the M3 1941 MeeberrieEarthquakeWA;
Geoscience Australia 20pédre (except for Tennant Creek), i.éay from mines

and thosenear mines the red earthquakes, armoderate in size,M4-5 (Virginia R
Ward, personal communication 201B). Tennant Creek, NT, is thered bullseye of
three larger earthquakes, >Mg and many maller earthquakes & many mines. 4y B
contrast, the town dflount Isa, QLD, is solidblue, i.e., many mines, no earthquakes.
5) The coast of Western Australia(WA) is , 1.e., many earthquakes, few mines.
6) Kalgoorlie, WA, is an intenseed spot, i.e., many mines & earthquakes, in a band of
blue; i.e., many mines, no earthquakes.whorthwest WA, earthquakes & minesear
more intermixed and disperse®).Flinders Ranges & Adelaide Hills SA, show one of
the most intense and walkfined bands of seismicity (other than the intense aftershock
zones of several large earthquakes) that &l &red T the onlyblue is afew
mines on the periphery, i.e., most of the minesnagr earthquakes amed i but there
arealso some single mine outliefslue & red in northern SA. And, 9) In the same
way that even those of us who do not know coustr nonetheless recognise tha
Aboriginal art is telling us something about the caynthat we would not otherwise
notice the patterns ofEast CoastAustralia i blue, red, blue, , red, blue, red,
blue, red, red, red, blue, i sharea common internal motibver an extensive
range from northern tip ofCape York, QLD, to Tasmania and includingeastern
Victoria, that distinguishes thenfrom the more diversalistributiors of mines &
earthaquakes inthe rest of Australia é t h e r edihsng goimgron over theré of
varying intendly but a persistat pattern ofmining&seismicity intertwining together
down along theeastern coastal plain é ringing red,red,red aroundSydney, NSW
between the old coahining bwnsof Newcastle, NSWo the north, andVollongong,
NSW to the southé well-correlated with population density (recognisingKeilis-
Borok and Kossobokoi®9® pattern recognitionf seismic phenomeia

MineQuake Limitations: Only the mine locations and classificationfi o per at i ngo o
i hi s Yacemused by MineQuakeit doesnot correlate mining activity and seismicity

in time, i.e., there is no amnpt to determine the relative timiof the two phenomena,

only their geographic coincidendéigure3A is a MineQuake&letailmap centred on the

epicentre of the M6.Tennant Creelearthquake thatlustrates the problematic reks

of applying the 3e&km criterionto the complex 1988Tennant Creelseismic sequence
consisting of three fAmai nshoTth& same dataae many
plotted on the sameasemap in Fgure3C, but the radii of the earthquake circles are set

to 30km todemonstratén precise dtail the operation of th&d-km criterion.

Figures 3A & 3C show that the centre of the seismic activity that commenced in 1986
according to Bowman (1997) and ¢mies to have aftershocks today is approximately
30 km SW of about 2fhines that surround the town of Tennant Creek (see Figure
These mines lie roughly on a NBE line along the trend of the McDouall Ranges,
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Figure 3. Tennant CreekA) MineQuake rap (60 km range)entred on the epicentre of the

largest 1988 Tennant Creek earthquake, M6rfiployingthe samecircle&cross colour code

described in Figur@ except for the purpose of graphical displaynd t o i ndi cat e Or t |
km criterian, the sizes of the circles are scaled withgnitudesee textsuch thathe epicentral

event has a radius of 30 kamdthe smaller eventare scaled accordinglylhere are eighteen

fihi st or ificodp earnai nioregebown, i.e(BO km from one of the many earthquakes

shown and twoblue mines morehan 30 km northeasthe Peako Mine isurrentlythe only

operating mine at Tennant Creek, and it is near Nobles Nob, pictured righheB) Nobles

Nob open pit minei flooded (cropped from ResourceStocks 2009}) MineQuake map

identical to Figur@A except allearthquake circles have radfi30 km to illustrate thevorkings

of the30-kmcriterion and t he Ar e dladkiodigisgoish thenmefrom thd densee d

red earthgake circle background) Section of Figure 3A superimposed ori:250,000scale

topographic magfGeoscience Australia 2005f the mning/epicentral area that shows not

only the nineteerred catalogued mines marked on the topo nta also twoadditionalmines

markedon the topo map, outlindaly theblue rectanglesthatare not in the catalogu&heblue

elipses outing he | ocati ons of the fATennant iMtheeek Bor €
epicentral region.
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roughly perpendicular to the SW diten to the epicentral area. Hence, the three 1988
fimainshocks and most of the aftershocks and corresponding faults that slipped during
the earthquakes lie just within the-Bf criterion, but many of théocations of the
largeraftershocks extendhore ttan 60km to the SW (one aftershock lies off the map)
andlie outside the 3&m criterion.In this case, mall variations of the earthquake &
mine locations, e.g., errors, can lead to large variatiotise relative numbers of near
versusfar mine-earthquéie pairs, i.e.red versus & blue.

The 30km criterion produces unstable results in this case becausamples an
insufficiently small area relative to th@ombinedseismic source arsaf the three
earthquakes with a combined equivalergnitudeof ~7. Therelatively smallM3.5-4.0
earthquakes reported by Ortlep (200&)uld havehad small source are&s100 m),
beenclose to the causative ming¢s100 m), andhot have produced damageyond
10km i hence, may distinct and complete mirearthquak-damage eventaould be
encompassed byhe 306km criterion. By contrast, the~100 km diameter of the
aftershock zone at Tennant Creek (Figuk¢ iBnpliesanearthquake preparation zone of
comparableextent This zone woulchaveencompased the earthquake& minesand
also thebores shown ifrigure 3D that may haveparticipated inrmine-earthquake pore
pressure interactiores the source volume develog#d and Zoback 2000), btie 30
km criterion misseshe spatial association of these phenomientais biased against
large events.

Originally a simple quantitative, i.e., statistical, evaluation of the earthquake&mine
dataset as whole was planned, but because of unexpected complexity of the Tennant
Creek earthquakésthe first earthquake(s) examineddetail by this investigatioi the
statistics have begmostponed untithe qualitative aspects of thesults asa whole are
surveyed.

Catalogue CompletenessClearly, the completeness of the catalogues used in this

study varies by orders of magnitudev er t he datads tempor al r
century. However, all the data have been accepted as prdvittexy have not been
Acorrectedod or otherwise modi f 8Deindicakea sed on
possible incompleteness of the mine cajai near Tennant Creékthe MineQuake

mine locations of FigurB8A are superimposed on a 1:250,8@@le topographic map
(Geoscience Australia 2005) and found to approximately match the mine locations
marked on the topo; however, there are an additiorahtimes marked on the topo that

are not included in the catalogu&n email was sentto Geoscience Australia
(16AUG2011) reqguest Datageliabiltyp or mat i adhhealkoltasi
response yet. No attempt has been made to either-avofian the mine catalogue
(Geoscience Australia 2011) with the mines marked in Figjued/or trace the source

of those mine locations.

Precursors to Tennant Creek Seismicity. Tennant Creek has been discussed at some
length here both as an exercise to demotestraw the Ortlepp (2005) 3n criterion

works in detail and as an introduction to this unusual seismic évawedzicki (1999;

2001) discussehe occurrence of various indicators of mine deformation at Nobles Nob
Mine prior to the first local seismigit detected by seismologists in 1986. He
summarises the sequence of events observed prior to the surface collapse of August
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1967 that developed into a sinkhole into which fell 100,000 tonnes of rock:

flAbout a week prior to the ground collapse, the exteesenrecorded movement
due to a large crack opening above the mingtdarea.

During the nightshift preceding the collapse, miners working near the area heard
rock noises and reported four rock falls; and

A major rock fallswas reported 1 h before the imaubsidence.

The Arock noiseso heard by the miners woul
events accompanying the increasing deformation of the surrounding rock mass that
subsequetly collapsed. In shortan entire cycle of precursors followed by a

Amai nshocko wag seisnolbgistshtetheahertogerhting fortuitously

adjacent Warramunga seismiarray (Bowman 1997) 20-40km southeast of Nobles

Nob Ming either because the higitequency signal®f these smallshallow seismic

eventswere strongly attenuated over short distanees/or exceeeéd the recording

bandwidth of the arrayCranswick 1988)or the signals may have beeiscaded as

minep r o d u ¢ edd buiithabdoes aot mean that the precursors did not exist.

Crone et al. (199 shares this faith that since sormmeismicinstrumentsoperating

somewhere doot appear tobe recordng anything (assuming one had sufficient

security clearance to be told)therefore, nothingis happeningfi Th u s , i n st at
continental settings, micseismicity is an unreliable criterion for detecting all

potentially seismogenic faultsdhe reliable monitoring of precursory seismiaiyght

be feasiblen a place likeSan Francisco where theagzabout 100 seismographwithin

100km range of the citybut its applicability to inlandAustrdia is limitedi the only

onesup there monitoring faults that detail are the miners.

Kalgoorlie Denial: n The magni t ud ethabocfurrec atr8ilh gnmu ank e
20April [2010] near Kalgoorlie Boulder WA causatdme building damage, mainly in

the Boulder city centre along and around Burt Street. It also caused two minor injuries.
This is the fourthearthquake that has caused damage in Western Australia since the
Meckering earthquakeealsdleCuea8)8. 06 (Hao 2010

A highly informal pollinitially conducted by the author while riding from Perth by
pushbke to Kalgoorlie in May 201teveale that two respondents on the road on
residents) believed the earthquake probably had something to do with #rePayput

it was unanimously believed (6 out of 6 respondents) by Kalgoorlie residdnhts
Known!i that the mine &d nothing to do with the earthquake, a matter of faith even to
a woman born&raised in what was formerly the east side of the towouwWt&, now
disappeared into the Super Pibwever, subsequediscussion with motherKalgoorlie
residentand inspection othe housethat she had ownedand lived infor ~20 years,
locatedaboveMt Charlotte Mine jndicatedboth damage to the houselaied to mining
activity and prompt confirmation of her repohly the mining company, KCGK2011)

Daniell (2011) cites & Go v e r n me n bfdhe &l tastnoedanwge as $7.5m
(expected range $4.47#15m) sothe $7.5m question is:i Wh o piaityde@nals
upon the earthquake. I f it were fAnatural o,
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pay; if it were caused by the mine, then the mine pays (based on conversations with
various anonymous individuals in and around the York Hotel, Kalgoorlie, May)20

l i ke all things, our sei s nbotOdepp(2005)saysunder st

“In Australia, rockbursting was first experienced as a significant but
relatively infrequent problem in the Kalgoorlie district in the early part of

the last POth] century. During the last decade of the century [#)98s the

extraction of the deepest massive orebodies of the Mount Charlotte mine
peaked, several very large miniimgluced tremors were experienced. Six

seismic events between.5andM4.3Ri cht er scale) were

Figure 4. KalgoorlieBoulder, WA A) MineQuakemap (150km range)of the epiceng of the
M5.0 20APR2011earthquake emplgying the samecircle&cross colour code as Figure3A,
NOTE the locus of mines defisgwo lineaments alonghe local NNW-SSE tectonic trend
which is also reflected in the NN\WSE longaxis of the Super RiB) GoogleEarttphotograph
(Imagery Date 12SEP2004howing the Super Pit and the M5.0 epiceimrdoulderas the
solid red circle 2.4 km inidmeterthat represents the Brune (197@)urce radiusof the
earthquake(see text;modified from Crarswick 201Q; NOTE the Super Pit has grown
substantiallysincethe photograph and is now k#h long.

Based on the 72 mines that responded to theirqLé8tion survey circulated to 135
mines in 18 countries, Hudyma and Potvin (2004) conclude: "The incidence of high
seismic hazard appears to be somewhat greater in western Australia compared with
underground, mechanized, hardrock mines elsewhere in the. wihiel fact that mines

cause earthquakes is known and welderstood in life/death detail by the rock
engineer who makes the decision to blast a stope that may trigger/induce a seismic event
that causes Bck burst in the mine that kills the workers orfaghtens them that they

never want to do that again.

If there have been several years of drought, temperatures have been over 40
degrees for a week and a hot north wind is blowing, and soenéghrows a lit
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cigarette outthe car window and there is a ¢hfire, what caused the fire? Was it
natural?Who is responsible?

If there is a stable continental region known to have high horizontal compressive
stresses, and a Héandeep, 4kmlong open pit mine is excavated and there is a
shallow, magnitude 5 eadjuake within a pit's length of the pit, what caused the
earthquake?®as it naturalAVho is responsible?

Faults & Earthquakes: The solid red circleshown in FigureilB that represents the
epicentre of the M5.0 Kalgoorlie earthqudieesa radius of 1.2 knfdiameter= 2.4 km)

which is itsBrune (1970)source radiusThe earthquake mechanissmmodelledasa
sphericalsource volumeof rock mass that is elastically deformed, i.e., strained, and
divided in halfby the fault planeWhen the fault slips, the two lvas are released to
moveabruptlysome distance in opposite directions, propelled byedktringstress of

the elasticdeformation of the volume and resisted by the sliding friction of the. fault
Both of these strescomponentsre combinedn the quanity, stress dropa measure of

the sum of the stresses acting on the rock mass at the instant it begins to slip. The abrupt
movement ofhie two halves generatesaismic momerit animpulse i.e., apush/pull
gererated by the sudden slipatpropagates n a |l | directiitoshakesé at
the ground and structures, etc., and produces@mumuwiggle on a seismograph

thatis proportional to the product of the stress drop andutba of the faulthat slipped.

Given that other factors argual, e.g., the elastic & frictional constants throughout the
rock mass and the stresses acting upon it, the magnitua,av earthquake is equal to

a constant plus the bagdogarithm of the area of the fault that slipped during the
earthquake. Therefe, the fault area of an M6 earthquake is 10 times the area\® an

is 10 times that of an M4tc., and the radii scale accordingly by factors of the square
root of 10, i.e., ~3. The areas of the earthquake circles of the circle&cross colour code
are poportional to the areas of the faults and preserve their respective size relationships.

The letter, i Mo, is used here to refer
however it may or may not be defined, e.g,, Mils, my T it is implicitly assumed to be

Mw. The Hanks & Kanamori (1978) momentagnitude scalgM,) was used to
estimate the seismic momsraf earthquakeom ther given magnitudesM, andthe
seismic momentased in turn, for a given stress drop, to calculatedbpectiveBrune
souce radii of the epicentrercles of the circle&cross colour code. Aastdard value of
stress drop, 1MPa, and standardvalues of other physical parameters were used to
calculate the source radiuskifjure4B. In all the otheMineQuakemaps, nphysicaly

small values of stress dropeausd for graphical convenienceé to make the circles
large enough to be visible.

East Coast Australia: The M5.6 1989 Newcastle earthqualkécCue et al1990) one of

the largesearthquakes in the sprawl afd patches @und Sydney shown iRigure5,
wasAustr al i aa) 43 desdlant experstvd$4-billion, earthquake. fie red
mines&earthquakeshat tracethe outcrop of the lllawara Coal Measuiaghis region are
contentious issue Klose (2007) argued that thdNewcastle earthquake was
triggered/induced by the long history of coal mining in the region; the Government of
New South Wales (Quinna et al. 2008) respontied it was not(NOTE: the NSW
Government receives ~#iillion/year from coal mining royaltieNSW Dept. Primary
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Figure 5. MineQuake maps (range:1,000km E; 2000km N) of East CoasAustralig centrel
~200km inland from Brisbane QLD, and employing the circle&cross colour @de with
earthquake circle®\) scaled with magnituddd) set to 30 km radiio show 36km criterion

The abstract cited in full bel ow, ADi scr i mi
Sei smic Event so (Cuthbertson and Payne 2 C
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