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Synopsis

The Q-coda method for estimating the quality factor @(f)= Q,(f)n was used
to characterize seismic wave attenuation in a region of the Kaapvaal
Craton that includes the mining areas of the Bushveld Complex and
Witwatersrand Basin. Seismic waveform data, collected by locally distant
stations of the South African National Seismograph Network (SANSN),
consisted of mining-related events with magnitudes ranging from My, 1.8
to My 4. @ was calculated for nine different source-receiver pairs spanning
the study region. A weighted average @ based on the number of available
data gave an estimated attenuation relation for the study region of Q(f) =
327 f081,
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Introduction

Earthquake activity in South Africa is signifi-
cantly more prevalent in the mining regions,
especially gold mining, than anywhere else in
the country (Saunders et al., 2008). This has
led to a concentration of seismograph stations
of the South African National Seismograph
Network (SANSN) around mining areas. An
accurate understanding of the attenuation is
important to seismograph networks. It affects
not only the results of day-to-day monitoring
such as magnitude calculations, but also
advanced seismological studies such as
determining the characteristics of the seismic
source. With the increase in the number of
seismograph stations around the gold and
platinum mining areas, a study to determine
the attenuation of seismic waves is this region
is necessary.

The region under investigation stretches
from the gold mines at Klerksdorp in the south
to the platinum mines at Rustenburg in the
north (Figure 1). The study region lies at the
centre of the Kaapvaal Craton and includes the
economic mineral rich formations of the
Witwatersrand Supergroup and Bushveld
Complex. The Q-coda method for estimating
the attenuation parameter, @, was applied to
the gold and platinum mining districts of
South Africa. Data from stations of the South
African National Seismograph Network
(SANSN) at local distances were used. The
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data-set includes only mining-related events
initiated at shallow depths (< 5 km).

S-wave coda decay has been widely used
to characterize the local, lateral heterogeneity
of the shallow crust. The method, developed by
Aki (1969) and Aki and Chouet (1975), is a
statistical approach to the coda wave amplitude
decay characterized by a single backscattering
model. Aki (1969) described the origin of coda
waves from local earthquakes as backscattered
waves and regarded them as a superposition of
secondary waves, sometimes being referred to
as the S-coda or @s. Aki (1969) proved that
they could be treated entirely statistically and
that they were caused by heterogeneities in the
shallow crust because of their short period
nature. The strict interpretation of @, referred
to as the quality factor, according to Langston
(1989) is that it is the attenuation effect due to
scattering of the elastic waves by elastic
heterogeneity.

The general approach to estimating the
attenuation in a country with little tectonic
seismicity and a short history of recorded
seismicity (Saunders et al., 2008) is to use
models that have been derived for similar
stable continental regions. One such region is
Norway, which is characterized by small to
moderate, crustal earthquakes (Bungum et
al.,1991). Ottemodller and Havskov (2003) use
a quality factor of Qs ¢(f) = 470,07 for
Norway.

Q-coda method

The extent to which backscattered S-waves are
generated is dependent on the heterogeneity of
the shallow crust and is quantified as the
attenuation of the medium by the parameter Q.
Aki and Chouet (1975) proposed two
extreme models to account for the
observations on the coda of seismograms.
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Figure 1 - Locality of the study region

Both models led to similar formulae that allowed for the
separation of the effects of the earthquake source and
attenuation on coda spectra. The single backscattering model
is most frequently used to determine @ (Scherbaum and
Kisslinger, 1985; Lee et al., 1986; Woodgold, 1990; Gupta et
al., 1998; Yun et al., 2007; Parvez et al., 2008). Aki and
Chouet (1975) also noted several important properties of
coda waves that were highlighted and explained by Sato
(1977). One such property is that the coda wave power
spectra of local earthquakes of different magnitudes and
locations but from the same sampling volume have a charac-
teristic time-dependent decay. This serves as proof that the
coda wave train is the result of scattered S-waves for local
earthquakes.

The coda wave amplitude A¢(f, ) we observe on a
seismogram is a function of the seismic source S(fj, the site
effect Z(f), the instrument transfer function 7(fj, and the
medium function C(£ 7).

AdfT) = SN.ZN 1H.CLT) (1]

The medium function describes the geometrical spreading

and attenuation, which are responsible for the coda amplitude
decay. The source-receiver distance is small (< 100 km) and
considered negligible when compared with the travel path of
the backscattered waves. Thus, the sampling volume for
which @ is calculated is much larger than the source volume
where the seismicity is generated. In the single backscattering
model, scattering is considered to be a weak process and the
loss of seismic energy through scattering is neglected (Aki
and Chouet, 1975). The single backscattering model
expresses the medium function as follows:

C(f,T) = r-re("¢) 2]

where 7 = lapse time; y = geometrical spreading factor; /=
frequency; @ = coda quality factor.

The lapse time is the time that has elapsed since the
earthquake origin time. The geometrical spreading factor is
assumed to be equal to unity for body waves and 0.5 for
surface waves. This model allows us to separate the medium
function from the rest by taking the natural logarithm on
both sides.

In(Ac(f,T).TY) = (_T"f)T

[3]
+In(S(F).Z(F).1(f))

For a particular central frequency, /; the least-squares fit
for a plot of In(A¢(f 7).T) vs. T allows us to solve for the
quality factor, Q.

The frequency dependence of @ was modelled as a power-
law relationship of the form:

Q(f) = Qo [4]
where @ = @, at 1 Hz and n characterizes the frequency
dependence of the attenuation in the medium.

A procedure to determine Q was written in MATLAB,
using the following steps:

» The P- and S-arrivals of raw seismograms were re-
picked to ensure accuracy. The seismograms were then
trimmed for faster processing (Figure 2)

» The trimmed seismograms were filtered at central
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Figure 2 - Raw seismogram from KOSH recorded at station PRYS showing the P- and S-arrivals and the 20-second coda waves interval
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Figure 3 - Results of bandpass filtering at central frequencies 6, 10, 12, and 24 Hz

frequencies of 3, 4, 5, 6, 7, 8, 10, 12, 14, 16, 20, and
24 Hz, using an 8-pole Butterworth bandpass filter
(Figure 3)

» The coda waves were extracted from 20-second time
windows starting at 275 (75 is the arrival time of S-
wave less the origin time of the event). For lapse times
> 27T the general form of the coda is established
(Rautian and Khalturin, 1978)

» The rms coda amplitudes were calculated for windows
of 0.5 seconds

» The slope of the coda wave amplitude decay was
extracted from least-squares fits of the data, which
allowed us to solve for @ at each frequency (Figure 4)

» A power-law relationship (Equation 4) was modelled
using a least-squares fit of the data (Figure 5).

Certain quality control measures were employed. The
signal-to-noise ratio of the coda was calculated by taking the
rms amplitude of a 5-second window of noise before the P-
arrival and comparing it with that of a 5-second window at
the end of the 20-second coda wave interval. Waveforms
with a ratio of less than 2.0 were not used. Any coda
amplitude decay with a positive slope was rejected. Least-
squares fits of the coda amplitude decay with relative
standard errors of greater than 50% were rejected.

Data description

Waveform data were collected for seismic events located in
the vicinity of the platinum mines near Rustenburg, the gold
mines of the Central and West Rand, which form part of the
Witwatersrand Basin, and the gold mines near Klerksdorp.
These recordings were written at locally distant stations of
the SANSN (viz. BFSD, KSR, MOAB, PRYS, SLR and TLEK,
see Figure 6). The data includes densely clustered, small
magnitude (M, 1.8 to My, 4) events.

Three seismograph stations of the SANSN are located in
the Klerksdorp area, resulting in source-receiver distances for
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these events of 0-30 km. In all the other cases, the
seismograph stations were located 50-70 km from the
seismicity.

Scherbaum and Kisslinger (1985) estimated the sampling
volume for the coda waves of lapse time 7" as an ellipsoid with
axes a=A and b=v;.7/2, where A is the hypocentral distance
and v, the S-wave velocity, and the source and station
positioned at the foci. For shallow mining events located at
distances > 50 km and with depths less than 5 km (the
deepest mining), we can assume that hypocentral distance is
approximately equal to epicentral distance. The average shear
wave velocity in the upper 3 km was assumed to be 3.5 km/s
(Kgaswane et al., 2012) and the coda wave duration was 7'=
20 seconds. The maximum sampling volume would therefore
take the shape of an ellipsoid with the major axis @ = 70 km
and minor axis & = 35 km. Since events are spread across the
different mining areas, the total approximate sampling volume
has an approximate diameter of 140 km. In the Klerksdorp
area, BFSD, MOAB, and TLEK, sample roughly the same area
defined by a diameter of 35 km.

Figure 6 shows the source-receiver pairs that were selected
to calculate a quality factor for this study. Some stations were
used twice with nearby seismic events from two different
areas. A total of nine different pairs were used. The geology of
the various sampled volumes is also displayed in Figure 6.

The data mainly sampled rock formations of the Transvaal
Supergroup, with sources located in the igneous rocks of the
Bushveld Complex and sedimentary formations of the
Witwatersrand Supergroup.

Results and discussion

The results are listed in Table 1. The quality factor was
calculated using the vertical components of the waveforms
only, since site effects cause amplification on the horizontal
components at specific frequencies, which would contaminate
the results.
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Figure 4 - Coda amplitude decay for central bandpass frequencies 6, 10, 12, and 24 Hz with a least-squares fit
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Figure 5 - Q-coda attenuation relationship calculated for KOSH events recorded at station PRYS. The standard deviations for Qp and n are given in

parentheses

The attenuation parameter @, varied between 597 and
115. A low @, corresponds to a high attenuation. The
parameter 7, which describes the power-law relationship
between @ and frequency, varied between 1.23 and 0.62. A
value greater than unity would suggest that higher
frequencies attenuate less than the lower frequencies. This is
difficult to explain, but it could be related to the fact that
higher frequencies are more susceptible to small-scale hetero-
geneities, which give rise to S-wave scattering and,
ultimately, the coda waves. In this case, a higher frequency
wave would be scattered more often, becoming more
> 544
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prevalent in the coda and appearing to be attenuated less
than the lower frequency waves.

The number of available data in the different areas varied
significantly, with the lowest average number of data per
frequency being only 9, while the highest was 496. 1t is,
therefore, best to calculate a weighted average as opposed to
treating the individual results equally. This was done based
on the average number of data per frequency. The average
was also calculated for comparison. The weighted average
yielded a quality factor of 327 f0.81,

The ellipses 1, 7, and 8 from Figure 6 deviated from the
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Figure 6 - The SANSN stations and locations of seismic events that were used to c
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relatively low attenuation observed in the remaining sampled
volumes, yielding values for @, between 186 and 115 and for
n between 1.23 and 0.99. The geology does not provide an
explanation for this, since the three stations BFSD, MOAB,
and TLEK would have sampled very similar rock masses.
These three areas also do not have the lowest numbers of
data available, suggesting that a lack of data is most likely
not the cause.

The least-squares fits for the attenuation power-law
relationships are plotted in Figure 7, Figure 8 shows the
relationships plotted on a geological map of the region.

Figure 9 allows for an easier comparison of the results.
Apart from three outliers, the curves show good agreement.
The pairings of BFSD with data from the West Rand, SLR
with data from the Central Rand, and KSR with data from
Rustenburg (areas 1, 3, and 5 from Figure 6) deviate from
the rest with a much higher quality factor (lower attenuation)
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alculate Q for various sections of the study region. Dashed lines

in the upper end of the frequency range. This may be
attributed to similarities in the geology of the areas, since the
Traansvaal Supergroup is prominent in all three sampling
volumes. Another possibility is that the stations may be
experiencing site effects, which would amplify the ground
motion at certain frequencies.

Conclusions

A Q-coda estimation following the single backscattering
model of Aki and Chouet (1975) was carried out for nine
different source-receiver pairs using seismicity recorded by
locally distant stations of the SANSN. Magnitudes of the
seismic events ranged from Mg 1.8 to My 4. Q was calculated
for the vertical component of bandpass filtered seismograms
at central frequencies of 3, 4, 5, 6, 7, 8, 10, 12, 14, 16, 20,
and 24 Hz.

The majority of the results from the individual areas
545 4
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Figure 7 - Plots of the least-squares fits for the Q-coda attenuation power-law relationships for each of the nine source-receiver pairs. The standard
deviations for Qp and n are given in parentheses
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Table |
Q-coda attenuation relationships derived from the vertical components of the waveforms
Ellipse Source area Station Av. number of Qo Q, std. dev. n n std. dev. Q=Q,fn
no. data per freq.
1 Rustenburg KSR 43 115 15 1.28 0.06 1151123
2 Rustenburg SLR 9 390 128 0.74 0.14 390 f0.74
3 Cent. Rand SLR 24 597 106 0.72 0.07 597 f0.72
4 West Rand PRYS 496 356 14 0.73 0.02 356 f0.73
5 West Rand BFSD 37 421 70 0.84 0.07 421 f0.84
6 Klerksdorp PRYS 105 367 29 0.74 0.03 367 f0.74
7 Klerksdorp BFSD 116 131 11 1.06 0.04 131106
8 Klerksdorp MOAB 56 186 27 0.99 0.06 186 f0.99
9 Klerksdorp TLEK 53 529 67 0.62 0.05 529 f 0.62
Average 344 169 0.85 0.2 344 f0.85
Weighted average 327 115 0.81 0.15 327 f081
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Figure 8 - The Q-coda attenuation relationships plotted on a geological map of the region
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Figure 9 - Q-coda relationships with frequency plotted for comparison

showed good agreement with each other, while three of the
nine areas showed a significantly higher @ in the upper end
of the frequency range.

The results confirm that a low-attenuation model is suited
to this stable continental region, although Q(f is slightly
lower than what was proposed for Norway. A calculation of
the weighted average, based on the number of available data,
yielded a quality factor vs. frequency power-law relation of
Q(f) = 327 fo.81 for the study region. We conclude that while
the local attenuation may vary significantly, a suitable
attenuation model for the region is given by the weighted
average of the individual constituents.
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