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New Mw-M|, magnitude relations valid for the periods January 1971-March 1997, April 1997-September 2012
and October 2012-present are presented for South Africa. Three Myw—M], relations were derived for the respective
periods by applying a general orthogonal regression using 85 mining-related and tectonic events. Moment

(S:Zl:;:)Aima magnitudes (My) were calculated using spectral analysis of the vertical component seismograms. A Brune model
Uncertiinties for source radiation was assumed. Attenuation functions previously derived from local seismic events were used.

For each event, the final My was computed by taking the average of the values determined at four or more
stations. These My values were used to compute new My M, regression equations for three previous My, re-
lations that had been used to compile the South African earthquake catalogue. The new My-Mj, relations were
then compared with the My determined from the Harvard Centroid Moment Tensor (CMT) project. The My
computed using the relation derived for the most recent period (October 2012-present) produces My values that
are similar to those reported by the Harvard CMT solutions. The relations can be used in the homogenization of
the South African earthquake catalogue. Application of the new relations for the three periods will reduce un-
certainty in the homogenized catalogues, which are important when calculating seismic hazard parameters (i.e.

Orthogonal regression

when estimating activity rates, b-values and Mpayx).

1. Introduction

Earthquake magnitude is a fundamental source parameter that al-
lows scientists and civil authorities to estimate the severity of the ground
motion resulting from earthquakes and its potential to cause damage to
buildings and other critical structures, such as bridges and dams.
Magnitude is also of primary importance in seismic hazard assessments
and other seismicity studies (Gutenberg and Richter, 1944). Over the
last hundred years, several magnitude scales have been proposed, for
example local magnitude (M), body wave magnitude (mp), surface
wave magnitude (Ms) and moment magnitude (My); with each of these
having its own advantages and disadvantages (Hanks and Kanamori,
1979; Lay and Wallace, 1995; Bormann, 2012). Each scale was deter-
mined for a specific frequency range and wave type and adjusted to
match another scale at a certain range of magnitude (Kanamori, 1983,
Table 1). Consequently, a given earthquake may be characterized by
several different magnitude values determined by the same or different
agencies, introducing significant uncertainty when assessing seismic
hazard. Apart from My, the other magnitude scales saturate for large

earthquakes. However, these magnitude scales continue to be used to
estimate the magnitude values of frequently occurring small to moderate
earthquakes in many different regions (cf. Biswas and Aki, 1984; Cas-
tellaro et al., 2006; Das et al., 2012; Gasperini et al., 2015; Saunders
et al., 2013). Seismic hazard analysis requires a homogeneous catalogue
(i.e. one that uses only one type of magnitude) with My having become
the global standard (e.g. Stucchi et al., 2013; Di Giacomo et al., 2015;
Burton et al., 2004; Kadirioglu et al., 2018; Hussein et al., 2008).
Consequently, magnitude scales should be converted to My, especially
when merging two or more catalogues with different magnitude scales.

With Aki’s (1966) introduction of the concept of seismic moment
(Mp), a physically meaningful measure of the strength of a general
seismic source was created. The moment magnitude scale (My) was
developed thus solving the problem of magnitude saturation (Hanks and
Kanamori, 1979). Ideally, My can be calculated for all earthquakes from
micro to mega earthquakes. However, owing to high noise in
lower-magnitude earthquakes, especially for regional networks, it is
very difficult to determine the corner frequency. Hence Myy is generally
calculated for earthquakes of magnitude 4 and above. Although the

* Corresponding author. Engineering and Geohazards, Council for Geoscience, South Africa.

E-mail address: bmanzunzu@geoscience.org.za (B. Manzunzu).

https://doi.org/10.1016/j.jafrearsci.2020.104051

Received 26 May 2020; Received in revised form 13 August 2020; Accepted 19 October 2020

Available online 25 October 2020
1464-343X/© 2020 Elsevier Ltd. All rights reserved.


mailto:bmanzunzu@geoscience.org.za
www.sciencedirect.com/science/journal/1464343X
https://www.elsevier.com/locate/jafrearsci
https://doi.org/10.1016/j.jafrearsci.2020.104051
https://doi.org/10.1016/j.jafrearsci.2020.104051
https://doi.org/10.1016/j.jafrearsci.2020.104051
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jafrearsci.2020.104051&domain=pdf

B. Manzunzu et al. Journal of African Earth Sciences 173 (2021) 104051

Table 1 Seismograph Network (SANSN), established in 1970, has used several
Different magnitude scales used for quantifying earthquake size and their pe- M|, relations over time to quantify the sizes of earthquakes. This has
riods of validity (modified from Kanamori, 1983). created a heterogeneous earthquake catalogue in terms of the magni-
Magnitude Designation  Phase on which Period of  Related tude values. Initially, the SANSN magnitude determinations were based
scale name window is selected for ~ validity =~ magnitude on the local magnitude equation modified by Fernandez (1980) from the
measurement (e.g. P- scale Richter equation:
or S-waves)
Local M, Largest amplitude on 0.1-3s Myg (Nuttli, M, =log 1o (ﬂ) +0.84log IOA +1.26 D
the Wood-Anderson 1973) T
seismogram
Surface Mg Surface waves ~20's M;s ~ M, at where A (in degrees) is the epicentral distance and T (s) is the peak-to-
wave M=~6 . . . . . .
Body wave my Body waves (P, EP 05125 Mg as Mg for peak. period. SUlFtly speaking, this formula (Equation (1)) is only
and S phases) 6.5<M < 7 applicable to horizontal components measured on a Wood-Anderson
Moment My Body waves (P and S 10-oo My, Ms, mg seismograph, while the SANSN mostly used short-period vertical
phases) seconds component instruments (Brandt, 1997; Saunders et al., 2013). Such a

situation was also common in other regions of low seismicity prior to the
derivation of locally calibrated My, scales (Greenhalgh and Singh, 1986;
Kim, 1998; Muco et al., 2002).

Beginning in 1997, the SANSN upgraded from analogue to digital
seismometry, heralding the introduction of a new local magnitude
relation, which was a modification of the Hutton and Boore (1987)
equation:

determination of My is not a straightforward method for routine use,
especially for small-magnitude earthquakes, the method is widely used
in modern seismotectonic research and seismic hazard analysis where
large earthquake magnitudes play a pivotal role (Brandt and Saunders,
2011). For regional earthquakes, the simplest way to determine My is
through spectral analysis of either P- or S-waves. This is often the only
reliable technique, since the low frequencies needed for a stable inver- M, =1.10log 1o < o ) +0.00189(r — 100) + log 10 A+3 + 8 )
sion are difficult to obtain for smaller events from seismograms recorded 100
by regional networks, owing to attenuation (Brandt and Saunders,
2011).

The most common magnitude used worldwide is the local magnitude
scale mainly because it is quick and easy to compute and can be used for
small to moderately sized seismic events. M; depends on the local
attenuation function; therefore, it is region dependent. In this regard, a
single earthquake may have different My, values derived from different M, =1.1491og 1o(R) + 0.00063R + log 1o(A) —2.04 + S 3)
attenuation relations for different regions. The South African National

where r (km) is the epicentral distance, S is the station correction term
and A (mm) is the maximum amplitude on the vertical component.
Since 2012, an My, scale calibrated using a selection of high-quality
local recordings of tectonic events recorded at a minimum of five sta-
tions is being used (Saunders et al., 2013), and is shown in Equation (3).

where A (nm) is the maximum amplitude of the S/Lg phase on the
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Fig. 1. Seismological stations of the SASE project shown as green triangles. The circles represent the locations of the epicentres of the seismic events used in this
study (red circles indicate mining-related events, while black circles denote tectonic events). The classification is based on the proximity of the event to the mining
boundaries. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (a) Example of a typical waveform used in the determination of My for station SA13. The vertical component seismogram with the time window used for
spectral analysis is shown. The amplitude phase is represented by IAML; the P- phase is IP and the polarity D. The window between 53m38s and 54m02s represents
the window selected for the spectral inversion. b) The displacement spectrum (solid black line) obtained from the window is shown in (a) with the noise spectrum
represented by a grey line. The moment magnitude was calculated for the corresponding displacement spectra, with the flat portion at low frequencies. The spectral
parameters determined for this event are shown in (b) as the seismic moment (M) in dynes, the stress drop (ST) in bars, the flat spectral level (OM), the corner
frequency (f0) in Hertz, the source radius (R) in kilometres and the moment magnitude (My).
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Fig. 3. Variations of My and M, with epicentral distances for two earthquakes that occurred on 7 May 1997 and 1 August 1997. Figures a and b show variations of
My for both earthquakes, while Figures ¢ and d show the variation of My, with epicentral distance for the same events. The solid line represents the trend or mean
magnitude value. The My, used in this figure is from the relation by Saunders et al. (2013).

vertical component, R (km) is the hypocentral distance and S is the
station correction term. The amplitude is measured after removing the
instrument response, which takes the instrument gain into account
(Ottemoller et al., 2018).

Given the complexity of determining My, an alternative approach is
to develop a relation between My and the locally developed M. This
relation would then be used for homogenizing the local catalogue prior
to hazard analysis. To do this, earthquakes with magnitudes calculated
using both My and My, scales are selected and used to derive regression
equations. However, it must be noted that the introduction of the con-
version relation will also add uncertainty to the resulting My. It is
therefore imperative that, when developing the My-Mj, relation, un-
certainty should be assessed and accounted for (Das et al., 2018). The
relationship between My and My, scales is of paramount importance for
conversions in order to carry out the homogenization of seismicity cat-
alogues for further studies related to seismological statistics. The con-
version used to compensate for parameter incompatibilities is usually an
aleatory variability, given that My and My, are generally not perfectly
correlated (Das et al., 2013, 2018).

Such My-My, relations have been derived for many different regions
(e.g. Chavez and Priestley, 1985; Ekstrom and Dziewonski, 1988; Chen
and Chen, 1989; Ambraseys, 1990; Papazachos et al., 1997; Margaris
and Papazachos, 1999; Baba et al., 2000). Griinthal et al. (2009a)
derived relations between My and M magnitude scales based on the
chi-square maximum likelihood regression technique, with

uncertainties given by the 68% confidence bounds. This is a technique
that considers errors of individual data points (Stromeyer et al., 2004).
Hussein et al. (2008) used linear regression relations between different
magnitude scales using relevant statistical parameters, which were
derived using orthogonal regression, to convert all the other magnitude
scales to My.

The derivation of regression relations for My and My, requires that a
well-calibrated seismic network correlates My estimates with My de-
terminations (Ambraseys, 1990; Ekstrom and Dziewonski, 1988), which
is often lacking in regions of low seismicity. A selection of well-recorded
events with a good signal-to-noise ratio can be used to model the spec-
tral parameters of the earthquakes in order to derive My values
(Ottemoller and Havskov, 2003). This process is rigorous and requires
high-quality waveform data.

In regions where Myy is reported for very few events, the regression
process becomes more complex. In most studies, the calibration earth-
quakes are selected from global datasets, mostly comprising moderate-to
large-magnitude events (Baruah et al., 2012; Das et al., 2014; Griinthal
et al., 2009b; Papazachos et al., 1997; Scordilis, 2006).

2. Moment magnitude calculation
The calculation of the moment magnitude, normally derived from

the source function of the seismic source spectra, is not a straightforward
procedure. In their calculation, Ottemoller and Havskov (2003) applied
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the far field source function using Brune’s »? model for both P- and
S-waves to determine the seismic moment My. The source function S(f)
for a simple »? model, as defined by Brune (1970; 1971), is given by:

Mov/0.6 % 2.0 {1 fz} -

4zpv3 3

7 4

S() =

where M, (Nm) is the seismic moment, p (kgm’a) is the density, v (km/s)
is the S-wave velocity at the source and f. (Hz) is the corner frequency.
For f < f. the source-amplitude spectrum is flat and proportional to the
seismic moment and decays proportional to ? for f > f.. Thus, M, can be
easily determined from the long-period part of the source spectrum
(Ottemoller and Havskov, 2003). The moment magnitude scale is then
linked to the seismic moment through the linear relation of energy and
magnitude, as previously defined by Kanamori (1977).

M, = % log Mo — 6.07 (5)

In this study, My was determined using the S/Lg wave spectrum on
the vertical component of the seismograph following the routine data
processing prescribed by Ottemoller and Havskov (2003). Of importance
is the region-dependent attenuation function, which needs to be taken
into account during the calculation of the My, as discussed in Ottemoller
and Havskov (2003). The attenuation function is used to determine the
source function from the amplitude function (equation (4)). Brandt
(2016; 2017a; 2017b) worked extensively to derive the parameters of
the attenuation function for different environments within South Africa.
They obtained a Q, value of 391 + 130 and the near-surface attenuation
parameter, Kappa, for mining-related and tectonic events as 0.05 and
0.02, respectively.

3. Data sources and analysis

Spectral analysis was performed on waveform records of 101 seismic
events recorded by a temporary network of stations set up during the
South African seismic experiment (SASE) project from 1997 to 1999
(Fig. 1). The events had small to moderate magnitude values (M, be-
tween 2.5 and 4.6) and were from mining as well as tectonic sources. No
distinction was made between anthropogenic and natural events in this
study as it was assumed that the measure of the event was unrelated to
its origin. The dataset consists of continuous seismic waveforms at 100
samples per second in miniseed format, from more than 80 stations
(Wright et al., 2003). All the selected events fulfilled the requirement of
having at least four stations recording the S/Lg waves with a good
signal-to-noise ratio to identify, from the displacement spectrum, the
low-frequency plateau, the corner frequency and the decay rate for
frequencies higher than f, (Fig. 2). In this study, a good signal-to-noise
ratio was taken as 1.5, as suggested by Diehl and Kissling (2007). The
spectral analysis for the determination of My was done using the SEISAN
software package (Ottemoller et al., 2018).

Fig. 2 depicts a typical example of the seismic signals as recorded by
the seismographs and its source spectrum. For each station, a window
was selected containing S and Lg waves (Fig. 2a) and a spectral analysis
was computed on this window to obtain the source parameters (Fig. 2b).
The seismic moment, source radius, corner frequency and moment
magnitude were calculated. Although some of the events considered in
this study are mining related, the risk they pose to infrastructure is the
same as for tectonic events and mining-related events are more common
(Durrheim et al., 2006; Midzi et al., 2015). Consequently, no distinction
between anthropogenic and natural events was made in this study.

To ensure that only S-waves and the Lg wave group are used in the
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spectrum analysis, the data were filtered at 0.5 Hz to remove low-
frequency Rg waves (Hong and Xie, 2005). The example in Fig. 2
clearly shows that only waveforms where the noise spectral level was
very low were used in the analysis (grey trace in Fig. 2b). The process to
check the spectral noise level was performed for each station and for
every event, to ensure that only good-quality records were kept and used
in the analysis.

Saunders et al. (2013) pointed out some variation of the determined
station magnitude values in respect of the same earthquake (Fig. 3).
These variations are expected because there are several factors that in-
fluence the propagation of waves from the source to the site (e.g. the
radiation pattern is different for each path; each ray path from the
source to the station passes through different geological units and
different sites have different responses), thus introducing uncertainty in
the determination of earthquake magnitudes. For each event, at least
four stations were used to compute the average My (Fig. 3). Those
stations that did not meet the required criteria (i.e. a flat plateau and a
fall within the assessed frequency range) were deleted and if the event
had not been detected by at least four stations, it was discarded. Ulti-
mately, an average is used as the final My with the standard deviation as
the uncertainty or error in the magnitude. The average error for each
event is given by the following equation:

My — My,,.|

N ©

Error =

Likewise, the computation of the average M and its error were
performed following a similar process (Fig. 3). In order to develop
conversion relations, a selected set of seismic events needs to have both
My and Mj, values determined. In this case, three M; relations were
considered. Therefore, for each event analysed in this study, four
magnitude values were computed - three were computed using My, re-
lations that had been used by the SANSN and the My (Table 2). The
variations in My and M, for each event with distance were analysed (for
example, Fig. 3 shows results for two earthquakes that occurred on 7
May 1997 and 1 August 1997). In general, both M and My values
appear to be stable with distance, showing consistency in our magnitude
determination and stability in regards to the regional attenuation model
used.

The mean magnitude residual for each station was calculated by
subtracting the station magnitude from the earthquake average value
that was calculated using values from all the stations. The plot of the
mean residual values against the epicentral distance for both My and
My, follow the zero baselines closely (Fig. 4). Moreover, the residual
values for both My and My, are consistent and distance invariant. They
generally range within +0.2, with only a few stations showing large
scatter. The observed trend confirms the conclusion by Saunders et al.
(2013) that the relationship between attenuation and hypocentral dis-
tance in the region is accurately modelled by the attenuation curve.

Given the changes in the relations used to calculate My, in South
Africa, it became clear that the relations linking My to the three
different My, types (i.e. Saunders et al., 2013; Fernandez’s (1980)
modified equation of the Richter equation; Hutton and Boore, 1987)
used in South Africa were necessary. It was then possible to prepare
three regression relations that would allow for the conversion of all My,
values in the SANSN catalogue to My. My, values calculated using the
Hutton and Boore (1987) equation were observed to be generally higher
than those of the other relations. This implies that magnitude values for
seismic events that had occurred between 1997 and 2012 were over-
estimated. Therefore, it follows that if a single conversion relation is
used this will have the effect of exaggerating the My values during the
period under consideration.
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Table 2

One hundred and one (101) seismic events analysed for My and M, in this study, where Mysaunderss MiHandp and Mirichter refer to My, values determined using the
Fernandez (1980), Hutton and Boore (1987) and Saunders et al. (2013) relations, respectively. *represents fixed depth. T represents tectonic events, while M denotes
mining-related events.

D Year Month Day Hour Minute Second Latitude Longitude Depth (km) MrRichter Minss Misaunders My, T/M
1 1997 4 18 20 1 27.1 —26.284 27.205 2% 2.5 3.4 2.9 2.6 M
2 1997 4 27 23 43 38.1 -26.971 26.811 2% 2.7 3.3 3 2.8 M
3 1997 5 7 10 4 28.8 —26.524 27.301 2% 3.4 4 3.6 3.3 M
4 1997 5 17 10 32 28.9 —26.470 27.534 2% 2.8 3.4 3.1 2.8 M
5 1997 5 21 16 15 17.7 —26.888 26.795 2% 3.1 3.7 3.4 3.1 M
6 1997 5 23 11 16 29.2 —26.896 26.778 2% 3.4 4 3.7 3.5 M
7 1997 5 23 16 13 53.4 —26.827 26.745 10.9 3.2 3.7 3.4 3.4 T
8 1997 5 26 19 18 36.1 -26.917 26.760 * 2.9 3.5 3.2 3 M
9 1997 6 6 20 58 24.1 —26.790 26.563 2% 3.1 3.6 3.3 2.9 M
10 1997 6 11 23 49 6.0 —26.765 26.559 2% 3.2 3.7 3.4 31 M
11 1997 6 19 22 42 36.4 —26.694 26.361 2% 3 3.6 3.3 2.9 M
12 1997 6 25 19 13 30.2 —26.865 26.633 2% 2.8 3.4 3.1 2.7 M
13 1997 6 28 3 35 28.2 —26.335 27.241 2% 3.4 4 3.6 3.3 M
14 1997 6 29 8 24 48.5 —26.389 27.279 2% 3.4 4.1 3.7 3.2 M
15 1997 7 4 0 48 15.2 -26.711 26.705 2% 2.6 3.2 2.9 2.7 M
16 1997 7 6 1 4 10.2 —26.397 27.393 2% 2.4 2.8 2.6 2.5 M
17 1997 7 9 14 3 14.4 —26.307 27.065 2% 2.4 2.7 2.5 2.5 M
18 1997 7 10 7 23 18.4 —26.935 26.767 5.8 2.9 3.4 3.1 2.9 T
19 1997 7 17 22 24 0.7 —26.709 26.541 2% 3.3 3.7 3.5 3.2 M
20 1997 7 21 8 45 47.8 —27.049 26.855 0* 3.8 4.4 4 3.8 M
21 1997 7 29 11 25 5.4 —27.914 26.908 0.1 3.7 4.4 4 3.7 M
22 1997 8 1 2 17 26.3 —27.668 26.329 2% 3.7 4.4 4 3.4 M
23 1997 8 3 2 17 7.3 —28.029 26.832 9.7 2.8 3.6 3.1 3.1 T
24 1997 8 11 16 30 19.9 —27.890 26.565 10.4 3.2 4 3.5 3.1 T
25 1997 8 25 18 41 14.5 —26.330 28.221 2% 2.9 3.6 3.2 3.2 M
26 1997 9 3 15 0 13.9 —26.438 27.297 2% 3.1 3.9 3.5 3.1 M
27 1997 9 11 1 6 5.5 —20.408 24.708 10* 2.7 3.7 3.1 2.9 T
28 1997 9 13 22 43 31.8 —26.873 26.584 * 3.3 4 3.6 3.2 M
29 1997 9 17 11 58 15.6 —26.548 27.437 2% 3.2 3.9 3.5 3.2 M
30 1997 9 25 0 5 22.5 —26.439 27.493 2% 4.1 4.8 4.4 3.8 M
31 1997 10 5 19 2 1.2 —26.070 27.052 2% 3.4 4 3.7 3.2 M
32 1997 10 11 20 19 10.2 —26.929 26.797 2% 3.4 4.1 3.7 3.2 M
33 1997 10 20 13 36 6.8 —26.903 26.696 38 3.3 4 3.6 3.8 T
34 1997 10 20 19 20 44.6 —26.357 27.319 7.4 3.4 4.1 3.7 3.8 T
35 1997 10 24 13 41 23.5 —27.207 27.437 0.8 2.8 3.6 3.1 3.1 T
36 1997 11 20 0 31 48.2 —26.483 27.474 9.3 3 3.8 3.4 3 M
37 1997 12 11 5 29 45.6 —26.920 26.793 1.8 4 4.6 4.2 3.9 M
38 1997 12 11 12 24 53.9 —27.029 26.896 0.1 2.7 3.3 3 2.8 M
39 1998 1 13 12 32 5.5 —27.160 27.009 0.9 2.6 3.2 2.9 2.9 M
40 1998 1 17 13 6 42.1 —27.024 26.959 1 3.4 4.2 3.7 3.8 M
41 1998 1 27 20 33 18.4 —-30.107 30.466 1.6 2.5 3.9 3.1 3.2 T
42 1998 2 3 16 42 36.7 —27.978 26.715 10 3.1 3.9 3.4 3.1 M
43 1998 2 6 7 22 44.9 —27.030 26.819 2 2.9 3.7 3.3 31 M
44 1998 2 6 7 52 39.1 —27.035 26.786 16.6 3.2 4 3.6 3.7 M
45 1998 2 18 7 47 15.7 —27.080 26.847 0 3.3 4 3.6 3.6 M
46 1998 2 20 6 21 12.2 —26.544 27.640 2.8 3.1 3.9 3.5 3.1 M
47 1998 3 5 8 36 40.6 —27.032 26.983 0 3.3 4.1 3.7 3.5 M
48 1998 3 24 11 53 42.9 —27.058 26.946 1.8 3 3.7 3.3 3.2 M
49 1998 3 25 21 10 48.9 -27.123 27.118 0 3.2 4 3.6 3.3 M
50 1998 4 4 0 54 31.1 —27.046 26.994 0 3.7 4.3 4 3.6 M
51 1998 4 6 14 41 2.8 —26.890 26.794 15.7 2.9 3.4 3.1 3.2 M
52 1998 4 24 11 44 5.2 —30.995 20.510 9.4 2.9 3.4 3.1 2.9 T
53 1998 4 26 0 50 25.5 —26.466 27.470 13.5 3.5 4.3 3.8 3.8 M
54 1998 5 17 5 14 13.4 —26.918 26.752 0.8 3.5 4 3.7 3.4 M
55 1998 6 19 11 47 48.2 —28.062 26.871 6 3.1 3.8 3.4 3.4 M
56 1998 7 2 18 32 39.5 —28.116 26.881 18.5 2.5 3.3 2.9 3 M
57 1998 7 6 14 48 30.2 —27.052 26.802 9 3.2 3.6 3.4 3.2 M
58 1998 7 13 7 5 4.7 —28.043 26.776 0.7 3.5 4.2 3.8 3.3 M
59 1998 7 26 12 29 57.5 —28.063 26.879 11.8 3 3.5 3.2 3.2 M
60 1998 7 27 18 56 51.5 —26.445 27.413 5.3 3.1 3.4 3.2 3.2 M
61 1998 8 1 6 33 25.7 —26.330 28.286 3.6 3 3.1 3 3.5 M
62 1998 8 6 43 27.1 —26.996 26.797 0 3.5 3.6 3.5 3.6 M
63 1998 8 21 16 10 53.5 —27.009 26.770 5.8 3.8 4.1 3.9 3.7 M
64 1998 8 26 2 54 11.4 —27.023 26.735 5.6 2.8 3.2 3 3 M
65 1998 9 16 7 3 1.3 —28.022 26.927 4.5 3 3.6 3.3 3.4 M
66 1998 9 19 10 32 44.9 —26.946 26.741 9.7 3.4 3.8 3.5 3.4 M
67 1998 9 25 15 51 31.4 —26.978 26.801 3.5 3.7 4.1 3.8 3.7 M
68 1998 10 2 7 35 30.5 —26.494 27.380 7.2 3.7 3.9 3.8 3.4 M
69 1998 10 3 16 24 13.3 —26.981 26.755 3.3 3.4 3.6 3.5 3.3 M
70 1998 10 4 9 46 35.4 —26.954 26.776 6.1 3.5 3.9 3.6 3.2 M
71 1998 10 5 22 40 37.7 —30.961 22.492 20 2.5 2.7 2.6 2.8 T
72 1998 10 7 4 51 2.8 —26.441 27.462 3.7 3.2 3.5 3.3 3.1 M

(continued on next page)
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ID Year Month Day Hour Minute Second Latitude Longitude Depth (km) M Richter Myiugs MiSaunders M,y /M
73 1998 10 13 15 52 40.2 —24.456 30.399 11.2 3.4 4.0 3.6 3.3 T
74 1998 11 14 7 18 58.6 —27.005 26.819 15.7 3.0 3.6 3.3 3.3 M
75 1998 11 17 20 17 59.7 —26.991 26.773 5.6 3.8 4.1 3.9 3.8 M
76 1998 11 18 16 30 6.5 —27.008 26.826 15.5 3.7 4.3 4.0 4.0 M
77 1998 11 19 14 7 42.6 —26.503 27.314 3.1 3.0 3.6 3.2 3.2 M
78 1998 12 1 9 22 49.1 —26.943 26.835 5.7 3.0 3.5 3.2 3.2 M
79 1998 12 1 18 12 17.7 —28.134 26.849 2.8 3.3 3.8 3.5 3.4 M
80 1998 12 5 4 52 44.7 —26.409 27.580 1.3 3.8 4.4 4.0 3.8 M
81 1998 12 15 15 52 32.4 —27.011 26.824 13.9 3.3 4.0 3.6 3.5 M
82 1998 12 16 16 0 3.3 —26.463 27.399 7.5 3.7 4.2 3.9 3.6 M
83 1999 1 7 15 18 55.0 —26.985 26.724 11.7 3.3 3.8 3.5 3.4 M
84 1999 1 12 2 50 23.0 —26.568 27.391 24.5 3.0 3.5 3.2 3.1 M
85 1999 2 4 2 2 19.5 —29.889 26.051 * 4.3 4.3 3.9 3.5 M
86 1999 2 14 19 47 8.3 —30.498 29.157 30.4 4.2 4.2 3.7 3.8 T
87 1999 2 26 9 27 49.8 —26.522 27.399 20.2 3.7 3.7 3.4 3.7 T
88 1999 3 18 11 24 13.0 —26.534 27.391 17.9 4.1 4.1 3.8 4.1 T
89 1999 3 18 17 35 39.3 —26.504 27.356 15.8 3.8 3.8 3.5 3.7 T
90 1999 4 22 22 19 39.0 —28.099 26.587 0.1 4.6 4.6 4.5 4.6 M
91 1999 4 28 15 0 13.4 —26.997 26.997 10% 3.4 3.4 3.2 3.6 T
92 1999 5 10 19 55 42.3 —26.750 27.097 10* 3.9 3.9 3.6 4.1 T
93 1999 5 28 0 16 49.0 —26.791 27.069 10* 3.2 3.2 2.8 3.3 T
94 1999 6 4 8 45 38.4 —27.929 26.779 24.5 3.4 3.4 3.3 3.8 T
95 1999 6 14 15 27 37.9 —26.557 27.620 10% 3.7 3.7 3.4 3.5 T
96 1999 6 24 17 31 58.6 —27.035 26.809 12.6 3.2 3.2 3.0 3.2 T
97 1999 6 24 22 10 29.6 —28.116 26.766 0.1 3.3 3.3 3.2 3.3 M
98 1999 6 25 15 38 46.8 —25.612 30.330 10.6 3.5 3.5 2.9 3.1 T
99 1999 6 30 3 34 44.2 —28.129 26.768 0* 3.4 3.4 3.2 3.3 M
100 1999 6 30 3 41 42.3 —28.050 26.630 0* 3.0 3.0 2.9 2.8 M
101 1999 7 3 20 53 4.0 —29.617 —29.617 24.1 3.8 3.8 3.7 4.0 T

4. Mw-Mjy, relations

Homogeneity of earthquake data is considered one of the primary
requirements for an earthquake catalogue, especially when used for
seismic hazard assessment. It is important to know how different
magnitude scales compare with one another (Kagan, 2003). Relations

1.0 -
0.8 1
0.6 1

3

2 04

0.2 1

My _mean

0.0 4
-0.2 4
-0.4
-0.6 4
-0.8 4

-1.0

(4a) 7 May 1997 earthquake

-0.6 1
-0.8

-1.0

100 200 300 400 500 600 700 800
Epicentral Distance (km)

(4c) 7 May 1997 earthquake

100 200 300 400 500 600 700 800
Epicentral distance

between moment magnitude My and the three common My, scales that
have been used so far in the South African catalogue were developed.
Since both types of magnitudes, as reported in the catalogue, entail
uncertainty, the usual meaning associated with “dependent” and “in-
dependent” variable fail. Hence, the regression technique to be used
should take both sets of errors into account. Standard linear regressions
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Fig. 4. Mean M;, and M,, magnitude residuals with distance for 1 August 1997 and 7 May 1997 events. M|, mean is the average M;, for the event while M, represents
the M, at a specific station. Similarly My mean is the average My for the event while My represents the Myy at a specific station. The solid line shows that trendline for
the residuals for all magnitudes is almost at zero.



B. Manzunzu et al.

(a) My, - M__giceer relation

Journal of African Earth Sciences 173 (2021) 104051

(b) lVIW - ML_Hutton and Boore relation

5.0 1 5.0
45 4 o 45 .
: M,, = 1.0125M, ¢, - 0.4976
My, = 0.8997M, gicpr + 0.3236 bl R2= OL»;;B
2= ® g
4.0 4 R?=0.82 4.0 -
2
s 3.5 4 233.5
3.0 3.0
L[]
2.5 4 e 2.5 4
2.0 7 T v v T 3 2.0 T r T T T \
2.0 2.5 3.0 3.5 4.0 45 5.0 2.0 25 3.0 3.5 4.0 45 5.0
ML_Ri:hter ML_H&B
(C) MW & ML_Saunders relation
5.0 1
45 4 ¢
My = 1.095M, g, ,ngers - 0-4409
R?=0.7963 .
4.0 4
3
S35 4
3.0 4
2.5 4
2.0 T T T T ]
2.0 25 3.0 3.5 4.0 4.5 5.0

M\ saunders

Fig. 5. Results of GOR analysis of moment magnitude (M,,) calculated in this study and the local magnitudes (M) used by the SANSN for the compiled dataset, as
shown in Table 2. (a) Comparison of My to My, as derived using the modified Richter relation (Fernandez, 1980), (b) Comparison of Myw—M]j, as derived using the
Hutton and Boore (1987) relation, (c¢) Comparison of My~Mj, as derived using the Saunders et al. (2013) relation. The grey lines represent the uncertainty limits.

Table 3
Derived M;-My relations and their periods of validity for homogenization.
Equation Homogenization period Comments
My = 0.8997M;,_gichter + 0.3236 1970-March 1997 Modified Richter relation (Fernandez, 1980).
My = 1.0125My,,,...cois00e — 0-4976 April 1997-September 2012 Derived for Southern California by Hutton and Boore (1987)
My = 1.0957M;_saundersetal — 0-4409 October 2012-present M;, derived from South African data by Saunders et al. (2013)

assume that the independent variable is either error free or that its error
is very small compared to the error of the dependent variable, which
makes the technique inappropriate for the derivation of relations for
magnitude conversion. On the other hand, the generalized orthogonal
regression (GOR) technique takes into account the measurement errors
on both linearly related variables. In other words, this technique mini-
mizes the orthogonal residuals for both variables obtained from their
orthogonal projections on the GOR line (Das et al., 2011, 2012, 2013,
2018). This technique was used for the inversion of the My—M], relations
since both estimates of M, and My are subject to measurement and
modelling errors. To compute the regression relations, 85 seismic events
selected from Table 2 (event ID 1-85) were used, while the other 16
seismic events (event ID 86-101) were kept in order to test the reliability
of our regression equations. Fig. 5 lists the results of the regression
analysis.

The three regression relations obtained are shown in equations (7)-
(9.

My =0.899TM|_gicher +0.3236 +0.253 )

My =10125M,,,, . —0.4976 +0.329 ®

My = 1.0957TM . _saunderserar — 0.4409 == 0.187 ()]

The scatter in the observed data indicates the uncertainties associ-
ated with the derivation of the relations. The three regression equations
were computed with high R? values showing the relative confidence in
the equations. The modified Richter relation has the highest R? value,
while Hutton and Boore’s (1987) relation has the lowest. The three
equations yield different Myy results for the same M|, and therefore each
equation should be used for its period of validity. This exercise high-
lights the weakness of applying a single global relation to the South
African datasets (Bommer et al., 2015; Midzi et al., 2020). Table 3 shows
the times of validity suggested for these derived equations, which are the
periods of their application in any homogenization process for South
African seismic data produced by the CGS. The data used in this study
are for magnitudes between 2.5 and 4.6 and, hence, represent the
magnitude range for the conversion with high confidence. However, this
is also the magnitude range where most seismic events in South Africa
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Fig. 6. Comparison of M,, calculated in this study and results predicted by the three magnitude relations computed in this study for the 15 seismic events used in

the test.

Table 4

Seismic events with moment magnitude determined by agency Pretoria (PRE)
and the Havard CMT. Events in the catalogue region with direct estimates of My.
The equation number is in brackets. Equation (6) is applied to events prior to
1997. Equation 7 is applied to events between 1997 and 2011. Equation 8 is
applied to events after 2012.

Event My (Havard CMT) M, My (Equations —
(PRE) This study)
01/07/1976 Koffiefontein 5.8 5.8 5.5 (6)
05/01/1986 Matatiele region 5.3 5.1 4.9 (6)
26/09/1990 Welkom 5.0 4.8 4.6 (6)
03/11/1990 Mozambique 5.1 4.9 4.7 (6)
22/02/2006 Mozambique 7.0 7.2 6.8 (7)
23/02/2006 Mozambique 5.7 6.3 5.9 (7)
23/02/2006 Mozambique 5.1 5.4 5.0 (7)
15/03/2006 Mozambique 5.1 6.0 5.6 (7)
15/03/2006 Mozambique 5.6 5.3 4.9 (7)
19/03/2006 Mozambique 4.8 5.2 4.8 (7)
22/03/2006 Mozambique 5.2 6.1 5.7 (7)
23/03/2006 Mozambique 4.8 5.1 4.7 (7)
14/04/2006 Mozambique 5.2 6 5.6 (7)
12/05/2006 Mozambique 4.9 5.8 5.4 (7)
08/06/2006 Mozambique 4.8 5.2 4.8 (7)
30/06/2006 Mozambique 5.0 6.0 5.6 (7)
11/07/2006 Mozambique 4.9 5.3 4.9 (7)
23/08/2006 Mozambique 5.0 5.5 5.1 (7)
20/11/2006 Mozambique 5.1 6.0 5.6 (7)
29/11/2007 Mozambique 5.2 6.2 5.6 (7)
03/02/2008 Mozambique 5.1 6.1 5.7 (7)
05/08/2014 Orkney 5.2 5.5 5.6 (8)
22/09/2016 Mozambique 5.6 5.5 5.7 (8)
03/04/2017 Botswana 6.5 6.5 6.5 (8)

occur.

We tested the regression equations twice. First, 16 selected seismic
events (events 86-101 in Table 2) were used to compare the perfor-
mance of the newly developed relations. The three new relations were
used to calculate M,, values for each earthquake and these were then
compared to the M, value determined using spectral analysis and shown
in Table 2. Observed residual values from the comparison were less than
0.5 for the Saunders et al. (2013) and Fernandez (1980) relations while
the Hutton and Boore (1987) residuals were as high as 0.6 (Fig. 6). This
shows that the three relations are stable for homogenizing our
catalogue.

In the second test, a set of 24 seismic events, with My determined by
the Harvard CMT (Ekstrom et al., 2012), was compared with results
derived from the three regression equations (Table 4). This procedure
was performed only to obtain insight on how our derived relations
compare with the values determined by the Harvard CMT. Each relation
was applied to events that occurred during its time of validity. However,
a major limitation is that there are very few events with CMT solutions.
Results show that the Hutton and Boore (1987) relation (Equation (7))
generally gives values higher than the CMT results, while those from the
Saunders relation (Equation (8)) are comparable to the Harvard values.
The observed differences may be ascribed to the propagation of un-
certainties from the initial My, scale.

Generally, the My computed from the regression equations are
comparable to the CMT solutions. The fact that these regression equa-
tions give slightly different results for the same event shows why it is
important to use them for the correct time period. Residual analysis
shows that the equations mostly overestimate in cases where the re-
siduals are higher than 0.4 (Fig. 7). However, there is evidence that
uncertainty is reduced when all the seismic events are compared.
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Fig. 7. Comparison of M, published by Havard CMT and those predicted by the three magnitude conversion relations computed in this study for the 24 seismic

events (Table 4).

5. Conclusions

Three My-M_, conversion relations were developed using South Af-
rican data for the homogenization of the SANSN database. The three
relations were computed from high-quality data used to compute both
M, and My for each event. The moment magnitude was calculated using
the S/Lg wave spectra for 101 seismic events recorded by the SASE
stations and located in mining and tectonic regions. A minimum of four
stations were used to compute the magnitudes and for the error analysis.
The GOR method was then used to derive the relations. We show that the
assumption that a single magnitude conversion relation can homogenize
all events with My, values in the South African catalogue is not valid
(Midzi et al., 2020; Bommer et al., 2015). The results of this work
facilitate a reliable homogenization of the South African catalogue from
M, to My for events from 1970 to the present, making the method
suitable for use in seismic hazard studies in the country. The homoge-
nization process followed in this study assists in the assessment and
reduction of the uncertainty and errors associated with new Myy values.
In previous attempts to homogenize the catalogue, relations from other
regions were utilized (Bommer et al., 2015; Midzi et al., 2020) with the
process often resulting in the propagation and amplification of error
values. It was shown that there are significant differences between the
M\, relations used by the SANSN from 1970 to the present. The appli-
cation of a single global relation to the SANSN catalogue is certainly not
scientifically rigorous. The process of calculating magnitude values is
associated with inherent errors and it is therefore prudent to reduce the
propagation of these errors in the catalogue homogenization. The My,
relations previously used by the CGS (i.e. the modified Richter scale and
the Hutton and Boore (1987) scale) were not derived using South Afri-
can data and hence they cannot be equated with the Saunders et al.
(2013) relation. A comparison of My values previously computed by
Havard CMT with those computed using the magnitude conversion re-
lations derived in this study produced low residual values, indicating the
reliability of the conversion relations.
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