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Abstract

Mine tremor aftershock sequences from two deep mines in the Far West Rand goldfield, South Africa, were
analysed in order to determine the influence of geological and mining parameters on the risk posed by
aftershocks. Mainshocks were stacked in time and space and the aftershock productivity was calculated for
various subsets. Contrary to our working hypothesis, no significant differences were found between the
aftershock productivity of mainshocks located in high stress areas and those located in low stress areas, or
between mainshocks located in high strain-rate areas and those located in low strain-rate areas, or between
mainshocks located near to geological features and those located further away from geological features.
Thus, while the incidence of mainshocks may be affected by stress, strain rate and proximity of geological
features, these factors do not have significant influence on aftershock productivity. Consequently, guidelines
governing the time period and distance from the mainshock in which hazard is considered to be elevated
need not take variations in these geological and mining parameters into account.

1 Introduction

The importance of understanding the changes inrddaiowing larger mining-related seismic eventasw
highlighted by a M2.4 seismic event that occurnedaideep South African gold mine in October 2006,
causing severe damage to a stope and fatally mgjseveral mine workers. An M2.0 event had occurred
nearby 25 minutes prior to the M2.4 event, but marveere not evacuated from working places as teatev
did not cause any damage. However, the questicseantether the M2.0 event might have triggered, in
some way, the M2.4 event. Members of the “Minimgsthe rockburst risk’” research team were diretted
the Chief Inspector of Mines to investigate changeseismic hazard following the occurrence of ¢arg
seismic events, and to formulate guidelines gowegrtine evacuation of workers following such evefitse
results of the statistical analysis were reportgdKbarume et al. (2010). The factors driving seistyiin
mines (e.g. proximity of geological weaknessesngetoy of the excavations, sequence and rate ofnigiini
are gquantifiable and, to some extent, controllablds study seeks to determine the influence ofdhef
geological and mining parameters on the hazarddoogaftershocks.

“Aftershock productivity” refers to the rate and nddy of aftershocks succeeding the mainshock.
Investigations of aftershock sequences have shdwah productivity is a function of the mainshock
magnitude (Felzer et. al., 2004):

n=n,10™ (1)

Where:

n = number of aftershocks

Ny = productivity constant

a = parameter that controls the relative numberftdrshocks as a function of the mainshock
magnitude

My = magnitude of the triggering mainshock. The niagie scale commonly used in South

African mines is based on a combination of momemd &nergy measurements, and
approximates the local magnitude scale.



Using the southern California catalogue, Felzexl.ef2004) determined a value of 1.0 @rby counting the
number of triggered earthquakes as a function @ftiggering mainshock magnitude, while Helmstegter
al. (2005) obtained a similar value of 1.05 by kitag aftershock sequences which have the sameetiigy
mainshock magnitude. The value @f, particularly whena =b (whereb is theb-value of the sequence),
was interpreted to indicate that small earthquakegoughly as important to earthquake triggersi¢psger
ones (Helmstetter et al., 2005).

Aftershock sequences have been studied to elucidaieus aspects of the physics of the Earth. For
example, a study of deep crustal earthquakes fthatdaftershock productivity was a function of ttepth

of the mainshock, and abrupt changes in aftershmdductivity at certain mainshock depths were
interpreted to be the result of changes in eartkgjganeration and rupture mechanisms (Persh anstéigu
2004). Yang and Ben-Zion (2009) found that afteckhproductivity has an inverse relationship witle th
mean heat flow.

2 Deterministic analysis of mine tremor aftershocks

2.1 Mining parameters

The incidence of mining-tremors is often controlled stress, strain rate, and proximity to geoldgica
features. To investigate whether aftershock pradticis also affected by these parameters, thenstaicks
were divided into two populations based on the amedialue of the parameter under consideration. Data
from two gold mines in the Far West Rand minindgrdis where mining takes place at depths reaching
3500 m below the surface, were used to investiti@eaftershock productivity (Table 1). The reefinbe
mined are the Carbon Leader reef (CLR) and the &rfedbrp Contact reef (VCR). (Note that the term
“reef” denotes a quartz pebble conglomerate.) Témninology used to describe stopes in South Afric
mines is shown in Figure 1.
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Figure 1 Simplified mine plan showing the main elemnts of stopes in South African gold mines
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Table 1 Datasets used in the analysis

Magnitude range

Ore body

Start of catalogue

End of catalogue

Blasting time

No. events in catalogue
Mainshocks

Aftershocks

Maximum time for aftershocks
Maximum distance of aftershocks (i
ERR, median value (MJfn
Distance to face, median value (m)

Distance to geological discontinuitie:
median value (m)

0.0sM <40
20=sM<4.0
0.0sM

VCR
01/01/2003
09/11/2007
17h00 - 21h00
5155

94

5061

1 week
1000

9.4

46.3

51.0

CLR
02/01/1998
08/01/2007
12h00 — 18h00
10169

390

9785

1 week
1000

10.6

26.1

43.0

2.3 Methodology

The Modified Omori law (equation 2), which descehibe decay of aftershocks with time following the

mainshock (Nanjo et al., 1998), was used to detexntie aftershock productivity

)=
(t+c)°
Where:
t = time after the mainshock
n(t) = number of events occurring at time t
K = aftershock productivity
c = ‘time offset’ parameter
p =

(2)

rate constant of aftershock decay, withl for natural earthquakes and<€pg1.03 for mine

tremor aftershock and foreshock sequences (Spottisey 2000; Kgarume et al., 2010).

The productivityk was determined by integrating equation (2), assgms1:

N(t) = K[In(t +c) = In(ty + c)]

Where:

N = cumulated number of aftershocks
to = initial time of the sequence

K =

3)

aftershock productivity, determined in practigethe slope oN(t) versus logtj

In order to increase the number of aftershockssaraple and hence the robustness of the statiatiedysis,
the mainshocks within a particular population waligned in space and time and the succeeded séismic



stacked in time and space windows (Kgarume ef@l0). In this study, all seismic events occurmithin
1000 m of the mainshock were stacked, cumulated @yeeriod of seven days, and then normalised &y th
number of mainshocks. The “total” seismicity (cutebelled “cumulative data” in Figure 2) includémet
aftershocks as well as “background” activity setstyigenerated by routine mining activity. “Backgral”
seismicity was estimated by averaging the seisynieitorded during three week-long windows, starting
week after the mainshock and including seismicitgorded within the blasting periods. The background
seismicity dominates the aftershock activity anddoees exponential at later times due to its cohstan
behaviour on a linear scale. To take this into antaa “background” termpBt was added to equation (3) to
give:

N (t) = K[In(t +c) —In(ty + C)] + St 4)

Aftershock productivity was estimated by subtragtine “background” curve from the “total” curveyeld
an estimate of the aftershocks. The slope of thigehded curve provides an estimat& of

Aftershock productivity
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Figure 2 Estimate of aftershock productivity afterM = 2.0 mainshocks.

All events with M= 2.0 occurring outside blasting time were clasdiféss mainshocks. (Mainshocks that
occurring during blasting time were excluded frone tanalysis, as seismic activity is swamped by the
blasting-induced seismicity and the recording diiitsi of the system degraded.) Aftershocks were
classified as all events with 09D M < My, that occurred within 1 week and 1000 m of the mslagtk,
including events that occurred during blasting tiBtasting activity significantly increases the rhen of
recorded events, but this effect is corrected foemthe data is de-trended.

For each geological and mining parameter, mainshaeke divided into two equal populations basethen
median value of the parameter (Table 1). For examid study the influence of stress on aftershock
productivity, mainshocks located in high stressiremwnents (e.g. abutments and pillars) were sepdrat
from those located in relatively low stress envimemts (Figure 3A). Similarly, mainshocks locatedigh
strain-rate environments (areas of active miningrenvseparated from those located in low strain-rate
environments (areas without active mining) (Fig@&®), and mainshocks located in close proximity to
geological features (dykes and faults) were sepdrfiiom those located further away from the feature
(Figure 3C). Figure 4 demonstrates the mainshoeisidn. Population 1 represents mainshocks locating
close to geological features and population 2 sepres mainshocks locating further away from gechlgi
features.
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Figure 3 Mine plans illustrating the parameters usd to define mining conditions. (A) Stress,
(B) Strain rate, and (C) Geological discontinuitiesLines indicate face positions and spheres
indicate seismic events.
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Figure 4 Division of mainshocks into two populatios to study the influence of geological
discontinuity on aftershock productivity. The median distance of mainshocks from
geological features is used to define the two malmsck populations.



4 Findings

4.1 Effect of geological and mining parameters onfershock productivity

As mining progresses, the extraction of rock cawstesss to be redistributed from mined-out to umdin
ground. High stress concentrations may be cregtdicularly in pillars and immediately ahead ofpst
faces. In this study we used the Energy Release BBR) as a proxy for stresERR is a measure of energy
changes and stress concentration at the stoperdtated to the extent of volumetric convergencentak
place in the back area of the stope (Jager andrRi889, p.46)ERR is defined as:

1
eRR =202/ o ©
Where:
Qv = virgin vertical stress
AA = extracted area
AV = volume change due to stope closure.

High ERR correlates with stresses in front of the face, sb#asses on planes of weaknesses, and the depth
and height of fracturing (Jager and Ryder, 19994%). Using data from the VCR and CLR mines,
Spottiswoode et al. (2008) showed tERR is, on average, a good measure of likely seisyitlbwever,

ERR has its limitations as an estimator of seismi@ty it does not take the presence of geological
discontinuities into account, which may be assedatith increased levels of seismicity. The VCR @tdR
mainshock populations were divided into high- aod-ktress subsets based on the median ERR value of
10.6 MJ/n3 and 9.4 MJ/rh respectively. However, the high and I&RR populations were found to have
similar levels of aftershock productivity.

Mainshocks located in close proximity to activeljned faces are in a high strain-rate environmehilev
those located further away from actively mined &oe close to faces that are not being mined ar@ in
relatively low strain-rate environment. To investig the influence of strain rate, the distancet@ctively
mined faces was used as a proxy for strain ratgur€i 6 compares aftershock sequences following
mainshocks located in high strain-rate and lowirstrate environments. The VCR and CLR mainshock
populations were divided into high and low straater subsets based on the median distance to gctivel
mined faces of 46.3 m and 26.1 m, respectively. él@r, the high and low strain-rate populations were
found to have similar levels of aftershock prodiitti A similar analysis was conducted to investigthe
relationship between aftershock productivity anel pinoximity to geological features (Figure 7). Agabn
both the VCR or CLR mines, a similar value was fbdior the populations near to or far from geolobica
structures. To investigate whether the differermmsveen the productivity of the populations aréistiaally
significant, we computed the confidence intervassomiated with the least-squares estimate of the
productivity K.

O
The confidence interval of least-squares estimbpeamuctivity K is given by:

0 O (6)

[K=s.T, ., ,K+s,T ]
K K
Where:
[}

S, = standard deviation df

K
n = number of aftershocks
T, = Student’s t-values with n-2 degrees of freedom
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Figure 6 Effect of strain rate on aftershock produtivity
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Figure 7 Effect of proximity to geological featurs on aftershock productivity




O
The standard deviation df is given by

1 (7

SE = - 7
DX =X
i=1 !
where:
X; = time of occurrence of aftershocks
X = mean time of occurrence of aftershocks
£i2 = square of the residuals of the normalized cutadlaftershocks

The table below summarizes the results of the cosgs. The confidence intervals of the slopes are
computed at the 95% confidence level.

Table 2  Statistical comparison of aftershock produttvity for contrasting mining parameters

Orebody VCR CLR
95% confidence interval of K 95% confidence intdrof K

ERR (MJ/nf) <9.4 0.163<0.164<0.165 <10.6 0.164 0.165< 0.166
>9.4 0.1540.158<0.162 >10.6 0.106 0.107<0.108
Geol (m) <51.0 0.188 0.190< 0.192 <43.0 0.142 0.143<0.144
>51.0 0.143% 0.145< 0.147 >43.0 0.132 0.133<0.134
D (m) <46.3 0.176:0.173<0.176 <26.1 0.1350.136<0.137
> 46.3 0.193< 0.195< 0.197 >26.1 0.128 0.124<0.125

A significant difference in the aftershock produitii is found when comparing the two contrastingnimg
parameters at the 95% confidence level. Produgtfitmainshocks locating in environments with value
less than the median of the parameter tend to hasignificantly higher slope. The only exceptiorths
comparison between the slopes of the strain enviemts at the VCR where the slope is higher for
mainshocks locating further away from actively ndiriaces.

4.2 Effect of mainshock magnitude on aftershock pructivity

To investigate the dependency of aftershock pradticton the magnitude of the triggering mainshock,
aftershock sequences within 1 hour and 400 mefrégeanainshock were stacked. A time period of dirho
ensures that the aftershock productivity is notulymaontaminated by background seismicity, whilé® 40
metres is the typical dimension of a stope in atlsddrican mine. Mainshock magnitudeyManged from
Mup = 1.0 — 3.0. M= 0.0 aftershocks were cumulated with time and nbsed to the number of stacked
mainshocks. Aftershock productiviy was determined as a function of the triggeringnsiadck magnitude
for each mainshock classyMo (My + AM). A bin size ofAM = 0.5 was used. Due to small sample
statistics, the productivity data-point for thg,M 3.0 - 3.5 bin was omitted from the VCR data $eble 3
summarises the results. Figure 8 shows the reftiprbetween aftershock productivity and the maiokh
magnitude. The parameteris given by the slope of the regression line.

The productivityK of aftershocks with magnitude ¥MM,, (where M,, = 0.0) triggered by a mainshock of
magnitude N, increases with M as K = Kol()”’“"M wherea = 1.33 £0.10 and 0.88 + 0.11 for the VCR and
CLR reefs, respectively. The standard deviatioescanstructed at the 95% confidence level. Thekeesa
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are similar to the values of 1.0 and 1.05 obtaibgdrelzer et al. (2004) and Helmstetter et al. £00
respectively.

Table 3  Aftershock productivity K as a function of the mainshock magnitude

VCR
My bins N(Mw) K Log(K/N(Mw))
1.0-15 329 0.056 -3.76
1.5-20 145 0.076 -3.27
20-25 36 0.112 -2.5
25-3.0 12 0.19 -1.8
3.0-3.5 - - -

CLR
1.0-15 839 0.133 -3.79
1.5-20 475 0.120 -3.59
20-25 159 0.156 -3.00
25-3.0 58 0.177 -2.51
3.0-35 13 0.097 -2.12

Aftershock productivity vs Mainshock magnitude, Aftershock productivity vs Mainshock magnitude,
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Figure 8 Aftershock productivity K as a function of the mainshock magnitude

4.3 Aftershock hazard

The goal of this study was to derive guidelinegadwern the exposure of workers to elevated seitaard
following a larger seismic event. By way of exam@@o hazard thresholds were used: 3x and 10x the
background rates of seismicity (Figure 9). Of ceuraftershocks will continue to occur even aftex th
activity declines below these thresholds.

The question arises, what proportion of the evémtshe catalogue are aftershocks occurring in these
relatively high hazard times? The ratio was compuig determining the number of aftershocks which
occurred within 200 m of the mainshock and durimges when the event rate exceeded 3x and 10x the
background rate limits defined by the aftershoataglecurve (Figure 9).
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Figure 9 Number of M2 0.0 aftershocks within 200 m of 2.& My < 3.0 mainshocks. The curve was
used to determine the number of aftershocks that @etrred while activity exceeded 3% and
10x the background rate.

Equation 5 was used to determine the aftershogkoption.

_ Nt ta_mac) (5)
NTotaJ (tO ! tmax)
Where:
to = source duration (1 second)
thmx = time taken for aftershock decay rate to reach 3kl&xx the background rate.
Na = number of aftershocks occurring withéandt, m. during an 8-hour working shift (excludes

seismicity occurring within the blasting period).

long time period, when mining would have extendded br past the source region

L

Nota = total number of seismic events occurring within8-hour working shift (excludes seismicity
occurring within the blasting period).

Table 4 gives the proportion of aftershocks wittlie working shift with reference to the 3x and 10
background rates. Table 3 shows that for2M), < 4.0 mainshocks, the aftershocks that occur whie t
rate of seismicity is 3x higher than the backgrotaté represent about 52% and 46% of the eventsded
during the working shift on the VCR and CLR minesspectively. This suggests that exposure to a
significant proportion of potentially damaging eteiould be avoided by evacuating working placesafo
period of time following the occurrence of mainskeexceeding M2.0.

Table 4 Proportion of aftershocks within the working shift and 200 m of the mainshock epicentre.

VCR CLR
2.0sMy<4.0 Proportion of aftershocks (%) Proportion of aftershocks (%)
3xBG 52.1 46.2
10 x BG 415 41.6

10
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5 Conclusions

Previous studies have indicated that the incidesfcmining-related tremors in deep South Africandyol
mines are often affected by stress, strain rate tla@ proximity of mining to geological featuresid study

of mine tremor aftershock sequences from two FastViRand gold mines was undertaken to determine if
these factors also affect aftershock productivityd hence the seismic hazard following larger seism
events. The main findings were:

* The productivity of mine tremor aftershocks shoveeiO™ dependency on the magnitude of the
triggering mainshock, where has a value close to 1, i.e. an increase of orgnitu@e unit on
mainshock size results in a 10-fold increase inrtbhmber of aftershocks. This is similar to the
relationship obtained for tectonic earthquakesintigern California.

» About half the M>0.0 events that occurred durindt$imes were aftershocks of M>2.0 events, and
occurred during the few minutes to tens of mintites it took for the hazard level to subside teér
times the background level following these largasras. This suggests that exposure to a significant
proportion of potentially damaging events couldaleided by evacuating nearby working places for
a relatively short period of time following the atcence of mainshocks with M>2.0.

 No major influence of stress, strain rate, and gheximity of mining to geological features on
aftershock productivity was found. Consequentlyidglines governing the time and distance from
the mainshock in which hazard is considered tol&eated need not take variations in these mining
and geological parameters into account.
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