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Synopsis
Richter magnitudes for seismic events were calibrated for use as a Local magnitude scale in the West
Rand (WR), Far West Rand (FWR), and Klerksdorp–Orkney–Stilfontein–Hartebeesfontein (KOSH)
gold mining areas. Richter magnitudes are currently calculated from seismograms recorded by local
surface cluster networks using tabulated calibration values for Southern California, published in 1958.
The Richter (1958) model is incorrect for distances of less than 30 km and should be applied only
to crustal earthquakes in regions with similar attenuation properties to those of Southern California.
When compared to the South African National Seismograph Network (SANSN), the cluster networks,
on average, overestimate seismic event magnitudes by approximately 0.1 of a magnitude unit. A
calibrated Local magnitude scale was derived by means of a multiple regression analysis between the
Local magnitudes reported by the SANSN and the largest zero-to-peak trace amplitudes measured on
the cluster network horizontal seismograms, after modelling the attenuation of the seismic waves as
these progress from the epicentre to the station position. Magnitudes reported by individual stations
for the same event show a significant scatter around the average magnitude owing to the near-surface
amplifications of the seismic waves at the recordings sites. Average magnitude should be estimated
using as many magnitudes of individual stations as possible to ensure an accurate estimate. Larger
event magnitudes should be compared with those recorded by the SANSN.
Keywords
Richter magnitude, local magnitude calibration, seismic event, Witwatersrand Basin.

Introduction
Magnitude in seismology is a concept that describes the size of a seismic event based on instrumental
measurements of some kind. The first magnitude scale was introduced by Richter (1935) for Southern
California, USA. This scale only requires the location of the seismic event to be known and the ground
motion amplitudes to be recorded by a standard Wood-Anderson seismograph. The maximum zeroto-peak trace amplitudes of the earthquake signals are measured on both horizontal-component
seismograms (NS and EW) and the magnitude is calculated using the greater of the two measurements.
Richter (1935) quantified the scale as follows: ‘The magnitude of any shock is taken as the logarithm
of the maximum trace amplitude, expressed in microns, with which the standard short-period torsion
seismometer... would register that shock at an epicentral distance of 100 km.’
To calculate magnitudes for other distances, Richter (1958) provided tabulated attenuation
corrections (calibration values) for distances from 0–600 km, assuming a focal depth of 18 km.
Accordingly, Richter magnitude ML is calculated using the equation:
[1]
where Amax is the largest measured zero-to-peak trace amplitude in millimetres on a Wood-Anderson
recorded horizontal seismogram, A0 represents the trace amplitudes in millimetres from an earthquake
of ML=0, and –log10(A0) represents the tabulated calibration values (Richter, 1958). Hutton and Boore
(1987) derived the following parametric equation for the calibration values:
[2]
where R is the hypocentral distance in kilometres.
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In Equation [2], the largest trace amplitude is measured in
nanometres on a synthetic seismogram recorded by a modern
horizontal-component seismograph. The seismogram is filtered so
that the response of the seismograph and filter system replicates
that of a standard Wood-Anderson seismograph, but with a static
1 × magnification. Modern synthetic seismograms more closely
resemble the signal recordings than the actual standard WoodAnderson seismograph because the manufacturer specifications
for magnification published in the 1930s were found to be
inaccurate (Uhrhammer and Collins, 1990).
Standard Equation [2] should be used when calculating
Richter magnitudes for crustal earthquakes in regions with
attenuation properties similar to those of Southern California.
For regions with different attenuation properties, the standard
equation is of the form:
[3]
where Amax and R are the same as in Equations [1] and [2]
and where C(R) and D need to be calibrated to adjust for the
different regional attenuation. The maximum amplitude may be
measured on a vertical-component seismogram after adjusting
for any systematic differences between the amplitudes recorded
by the horizontal seismographs and the vertical seismographs
(Bormann, 2012).
The South African national geological survey (the Council for
Geoscience) is mandated to operate the South African National
Seismograph Network (SANSN). A calibrated Richter magnitude
scale, referred to as a Local magnitude scale, was derived using
vertical-component seismographs for the SANSN (Saunders et al.,
2008; 2012):
[4]
where A0 and R are the same as before. Vertical-component
maximum amplitudes were selected for continuity because, until
the 1990s, the SANSN comprised mostly vertical-component
seismometers. Dissimilarities in the coefficients for log10(R)
and R in Equations [2] and [4] reflect the different attenuation
properties between Southern California and South Africa.
In addition to the SANSN, the Council for Geoscience also
operates cluster networks of dense local, surface stations within
the Far West Rand (FWR), West Rand (WR), Central Rand, and
the Klerksdorp–Orkney–Stilfontein–Hartebeesfontein (KOSH) gold
mining areas. The magnitudes reported by the cluster networks
have not yet been calibrated. Richter magnitudes are currently
calculated using Equation [1] and the tabulated values of Richter
(1958) for Southern California. This causes discrepancies
between the Local magnitudes reported by the SANSN and
Richter magnitudes reported by the cluster networks. On average,
the cluster networks overestimate seismic event magnitudes
by approximately 0.1 of a magnitude unit. The seismograms
recorded by the stations of the cluster networks are automatically
processed and manually re-analysed using Antelope 5.4
software (2018). This software calculates Richter magnitudes
with the largest zero-to-peak trace amplitudes measured on the
horizontal-component seismograms with Equation [1], identical
to the original method of Richter (1935). The calibration values
in Equation [4] for the vertical-component seismograms of the
SANSN that resemble a synthetic Wood-Anderson seismograph
with a static magnification 1 × can therefore not be simply
transferred to the cluster network.
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The purpose of this article is to derive tabulated calibration
values for log10(A0) in Equation [1] for the cluster network
horizontal components such that, on average, the Local
magnitudes reported by the cluster networks have the same
sizes as those reported by the SANSN. This will be accomplished
by means of a multiple regression analysis between the Local
magnitudes reported by the SANSN, the largest zero-to-peak
trace amplitudes measured on the cluster network horizontal
seismograms, where –log10(A0) is modelled using Equation [3]
and where C(R) + D have the same respective variables as in
Equation [2].

Richter magnitudes currently reported by surface mine
cluster networks
The Council for Geoscience operates three mine surface
cluster networks, and the event origin times, epicentres
and magnitudes may be obtained from the web page
<http://196.38.235.147:8070/livemines/>. The mine and
environmental water management programme (MEWMP)
network consists of ten stations across the West, Central, and
East Rand. The purpose of this network is to monitor seismicity
that may be linked to the ingress of water into abandoned mines
in and around the City of Johannesburg. The FWR network
comprises 11 stations situated in the Carletonville region. The
network was installed as part of a research project initiated
by the Japanese International Cooperation Agency. The KOSH
network consists of 19 stations installed in the Klerksdorp–
Orkney–Stilfontein–Hartebeesfontein region, as part of a project
sponsored by the Mine Health and Safety Council.
The positions of stations and the seismic events for the
period 1 January 2019 to 19 June 2020 used in this study are
shown in Figures 1 and 2. The tight clustering of seismic events
detected by both the SANSN and the surface cluster network is an
artefact of the event density; in other words, most of the events
were located at the centre of the cluster. The Richter magnitudes
in Figures 1 and 2 were calculated by means of Antelope 5.4
software (2018) using Equation [1] and the calibration values for
log10(A0), listed in Table I. The calibration values in Table I, as
well as those for Equations [2] and [4], are graphically depicted
in Figure 3. Richter’s equation for the tabulated calibration
function –log10A0(D) in Table I is derived (Figure 3) by means
of a multiple regression analysis for an equation with the same
variables as Equation [2]:
[5]
R2 is the goodness-of-fit measure where 0 <R2 <1 for the
linear regression model, and 1 indicates a perfect fit.
There is a significant offset between the constant value 0.787
and the constants –2.09 and –2.04 in Equation [2] (Hutton
and Boore, 1987) and Equation [4] (Saunders et al., 2012),
respectively. This is because Richter (1935) measured the
largest trace amplitude in millimetres as recorded by a standard
Wood-Anderson seismograph, whereas modern simulated
Wood-Anderson seismograms have a static amplification of ×
1. Unit amplification implicitly means that true ground motion
amplitudes in nanometres are measured for the recorded
frequency range. Hutton and Boore (1987) updated the
coefficients for log10(R) and R in Equation [2] and determined
that Richter’s (1958) calibration values for near distance D
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 1—Map of seismograph stations around the WR and FWR and the western part of the Central Rand gold mining areas. Eleven triangles depict the stations
of the FWR cluster network and eight triangles depict the WR and western Central Rand’s stations of the MEWM cluster network. Station codes are listed in
orange. Blue dots represent events from 2019 01 01 to 2020 06 19 located by the two cluster networks in the WR and FWR, and red dots represent events that were
also detected by the SANSN. Events outside the mining areas that were rejected from this study are greyed out. Mines are delineated by thick, black lines

Figure 2—Map of seismograph stations around the KOSH area. The stations are depicted by nineteen triangles. Station codes are listed in orange. Blue dots represent events from 2019 01 01 to 2020 06 19 located by the cluster network in the KOSH area and red dots represent events that were also detected by the SANSN.
Events outside the mining area that were rejected from this study are greyed out. Mines are delineated by thick, black lines and the Vaal River is depicted by a thin
grey line

<30 km are incorrect (Figure 3). Bakun and Joyner (1984) drew
the same conclusion for near-distance weak events recorded
in Central California. Richter’s 1958 calibration values causes
magnitude estimates from nearby stations to be smaller than
those from more distant stations (Bormann, 2012). Hutton
and Boore (1987) further suggested deriving calibration values
based on a shallow focal depth of 0 km for crustal earthquakes,
as values measured in this way provide a better fit than those
calculated using the 18 km focal depth proposed by Richter
(1958).
An orthogonal regression between 256 Local magnitudes
reported by the SANSN (Saunders et al., 2012) and the Richter
magnitudes reported by the surface cluster networks (Richter,
1958) in Figure 3 produces the equation:
[6]
The Journal of the Southern African Institute of Mining and Metallurgy

where R2 is defined as before. The cluster networks,
on average, overestimate seismic event magnitudes by
approximately 0.1 of a magnitude unit. Even though the
goodness-of-fit is high and the 95% confidence level indicates a
credible match, the scatter of the magnitudes around the best fit
orthogonal relation is significant. The scatter is investigated in
the histograms and bar graph in Figures 5 and 6. The differences
between the Richter magnitudes observed by individual stations
of the cluster networks and the average Richter magnitudes
calculated for the respective seismic events have a standard
deviation of 0.56 (Figure 5). The frequency bar graph in Figure
6 for stations with magnitude differences of more than 0.56
revealed incorrectly calibrated stations AGRI and ELND. The
magnitude differences, excluding recordings from stations AGRI
and ELND, have a standard deviation of only 0.48. The rejected
magnitudes reported by AGRI and ELND cause the distribution of
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Table I

Interpolated tabulated calibration function –log10A0(Δ) to calculate Richter magnitudes using Antelope 5.4 software
(2018). The classical values derived by Richter (1958) are shown in bold. A0 represents the maximum horizontal trace
amplitudes in millimetres recorded by a standard Wood-Anderson seismometer from an earthquake of ML=0 at an
epicentral distance of Δ km
Δ (km)
0		
5		
10		
15		
20		
25		
30		
35		
40		
45		
50		
55		
60		
65		
70		
80		
85		
90		

–log10A0(Δ)

Δ (km)

–log10A0(Δ)

Δ (km)

–log10A0(Δ)

Δ (km)

–log10A0(Δ)

1.4
1.4
1.5
1.6
1.7
1.9
2.1
2.3
2.4
2.5
2.6
2.7
2.8
2.8
2.8
2.9
2.9
3.0

95
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260

3.0
3.0
3.1
3.1
3.2
3.2
3.3
3.3
3.4
3.4
3.5
3.5
3.6
3.65
3.7
3.7
3.8
3.8

270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440

3.9
3.9
4.0
4.0
4.1
4.1
4.2
4.2
4.3
4.3
4.3
4.4
4.4
4.5
4.5
4.5
4.6
4.6

450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600

4.6
4.6
4.7
4.7
4.7
4.7
4.8
4.8
4.8
4.8
4.8
4.9
4.9
4.9
4.9
4.9

Figure 3—Richter’s equation (Equation [5]) (thick solid curve, scale on the left axis) for the tabulated calibration function –log10A0(Δ) in Table I (dots) derived by
means of a multiple regression analysis for a model with the same respective variables as in Equation [2]. Residual values between –log10A0(Δ) in Table I and Richter’s equation are shown as thin dotted lines with scale on the right axis. This is compared to Equation [2] (Hutton and Boore, 1987), displayed as a short dashed
curve and Equation [4] (Saunders et al., 2012), shown as a long dashed curve. Equations [2] and [4] are normalised to –log10A0(Δ) = 3 at 100 km distance for direct
comparison with Equation [5]. Distances between zero and 65 km are enlarged at the bottom right

the histogram to become more symmetrical in regard to positive
magnitude differences, especially for those >0.6. However,
magnitude differences <0.6 also decrease, indicating that stations
AGRI and ELND were not malfunctioning throughout the whole
study period. Hence, for the remainder of this article, only
observations where the Richter magnitude difference is <0.56 will
be used.
Next, we investigate whether the finding by Hutton and
Boore (1987) and by Bakun and Joyner (1984), that Richter’s
(1958) calibration values for near distance D <30 km in
California are incorrect, can be extrapolated to the WR, FWR,
and KOSH mining areas. To accomplish this we plot the Richter
magnitude differences (<0.56) as a function of distance in Figure
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7. A comparison between the Richter magnitude differences
and the residual values between –log10A0(D) in Table I and
Richter’s equation (Figure 3) confirms that Richter’s (1958)
calibration values are indeed also incorrect for the WR, FWR,
and KOSH mining areas for near distances. We conclude that
the calibration values for log10(A0) should be modelled with
Equation [3], where C(R) + D have the same respective variables
as in Equation [2]. However, calculating Richter magnitudes
with incorrect calibration values for near distances of D <30 km
is not the only cause of the large scatter in magnitudes around
the best fit orthogonal relation in Figure 4 and the large scatter
in the histogram of Richter magnitude differences (Figure 5).
The rapid changes of the nine-point running average window
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 4—Local magnitudes in the WR, FWR, and KOSH areas reported by the SANSN (Saunders et al. 2012) as a function of Richter (1958) magnitudes reported by
the surface cluster networks (dots). The seismic events plotted in this graph correspond to the red dots on the maps in Figures 1 and 2. The equation at the top fits
the magnitudes by means of an orthogonal regression (thick line) with goodness-of-fit of 0.93 where the dashed curves represent the 95% confidence interval. This
is compared with a linear regression (thin line)

Figure 5—Histogram of the differences between Richter magnitudes observed by individual stations of the cluster networks and the average Richter magnitude
calculated for the respective seismic events. The 23 583 magnitude differences used in this study (blue bars) have a standard deviation of 0.56. The 21 737 magnitude differences, excluding recordings from stations AGRI and ELND (red bars – and also see Figure 6) have a standard deviation of 0.48

Figure 6 – Frequency of the stations (see maps in Figures 1 and 2, and Figure 5) with magnitude differences >0.56
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 7—Differences between Richter magnitudes observed by individual stations of the cluster networks and the average Richter magnitude calculated for the
respective seismic events as a function of distance (blue dots). Red dots represent a nine-point running average window of the magnitude differences and are
compared to the residual values between –log10A0(Δ) in Table I and Richter’s equation (Figure 3), which is depicted as thin dotted lines. Richter magnitude
differences of more than 0.56 have been excluded from the graph

Figure 8—Newly derived calibration function –log10A0(Δ) (red curve), specified in Equation {7] derived by means of a multiple regression for –log10A0(Δ) = ML –
log10(Amax) (blue dots) for a model with the same variables as in Equation [2]. The average values of –log10A0(Δ) in 5 km bins are shown as large, red dots and
Richter’s (1958) tabulated values, listed in Table I, as large, orange dots. This is compared with Equation [4] (Saunders et al., 2011), shown as a red, long dashed
curve. The constant in Equation {4] was adjusted for an optimum least-squares fit to the values of –log10A0(Δ)

between about –0.18 and +0.1 at distances of 47 km, 51 km, 55
km and 59 km in Figure 7 indicate that neighbouring stations
have observed significantly different magnitudes for the same
seismic event. These rapid changes are not visible at shorter
distances owing to the many observed magnitudes that plot on
top of one another, but which probably also exist. These rapid
changes provide evidence of near-surface amplifications where
a seismometer has not been installed on competent bedrock.
Bormann (2012) reports that the closely spaced stations of a
seismic array may measure relative amplifications to one another
in ground amplitudes of 10 to 30 times when installed on soft
soil such as alluvium. Security is the primary criterion for the
selection of a site to install a seismograph station in a mining
area as a result of the high risk of theft or vandalism. Many
of the seismometers are therefore not installed on competent
bedrock, thus providing the option of relocating a station if the
security situation worsens or if the host mine or landowner
closes or suspends operations. However, magnitude differences
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of >0.56 are likely the result of equipment malfunction or
processing errors. Antelope 5.4 software (2018) rejects outliers
when calculating the average magnitude, and weighs individual
magnitude observations according to the signal-to-noise ratio of
the maximum measured amplitude.

Local magnitude calibration
Calibration values for –log10(A0) in Equation [1] for the cluster
networks are derived by means of a multiple regression analysis
between the Local magnitudes reported by the SANSN, ML, and
the largest zero-to-peak trace amplitudes measured on the cluster
network horizontal seismograms, Amax, and are shown in Figure
8, with the tabulated values in Table II. The attenuation of the
seismic waves as these progress from the epicentre to the station
position is modelled with Equation [3] and where C(R) + D have
the same variables as in Equation [2]. Values for Amax, where the
Richter magnitude difference in Figure 5 is >0.56, were excluded
from the analysis.
The Journal of the Southern African Institute of Mining and Metallurgy
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Table II

N
 ewly derived tabulated calibration function –
log10A0(Δ) obtained from Equation [7] in Figure 8,
which was derived by means of a multiple regression
analysis. Change reflects the adjustment made to
Richter’s (1958) tabulated calibration function –
log10A0(Δ) listed in Table I
Δ (km)
0		
5		
10		
15		
20		
25		
30		

–log10A0(Δ)

Change

Δ (km)

–log10A0(Δ)

Change

0.55
1.16
1.45
1.64
1.78
1.90
2.00

–0.85
–0.24
–0.05
0.04
0.08
0.00
–0.10

35
40
45
50
55
60

2.09
2.18
2.26
2.33
2.41
2.48

–0.21
–0.22
–0.24
–0.27
–0.29
–0.32

The derived equation is:
[7]

where distance 0 <D <60 km and R2 indicates a poor fit to the
large scatter of the values for –log10A0(D) = ML – log10(Amax)
around the model. The poor fit is unsurprising, given the
large scatter of the magnitudes around the best fit orthogonal
(Equation [6]) in Figure 4 and the large scatter in Richter
magnitude differences (within one standard deviation of 0.56)
in Figure 5. However, the average values of –log10A0(D) in 5 km
bins (Figure 8) compare well with Equation [7] except for the 40
km bin, which may indicate a significant near-site amplification
at that distance station compared to most of the seismic events.
This shows that good estimates of Local magnitudes by the
cluster networks are possible if outliers are rejected and a
sufficient number of measurements with appropriate weights for
signal-to-noise ratios are averaged, as is currently the practice
with Antelope 5.4 software (2018). Most of Richter’s (1958)
tabulated calibration values are adjusted downward to account
for the magnitude overestimate of approximately 0.1 of a unit
established in Equation [6] when taking the incorrect model into
consideration. This is as expected, since seismic waves show
less attenuation with distance in South Africa than is the case
in Southern California (Brandt, 2015). The largest adjustment is
made at the epicentre, at 0 km distance, in line with the proposal
by Hutton and Boore (1987) to derive calibration values for
a surface focal depth of 0 km for shallow events as these will
provide a better fit for crustal events. This is especially relevant
in respect of mine seismic events, where the typical focal depth
is 2 km (Brandt, 2014). The newly derived calibration values are
similar to those in Equation [4] (Saunders et al., 2012) when
adjusted for the constant difference between amplitudes recorded
by horizontal seismographs and vertical seismographs.

Discussion and conclusions
Tabulated calibration values –log10(A0) were derived for the
cluster network horizontal components, such that the Local
magnitudes reported by the cluster networks on average have
the same sizes as the Local magnitudes reported by the SANSN.
This is an improvement on the current situation where the cluster
networks, on average, overestimate seismic event magnitudes by
approximately 0.1 of a magnitude unit.
The Journal of the Southern African Institute of Mining and Metallurgy

The large scatter in magnitudes reported by individual
stations for the same event is accounted for by the near-surface
amplifications of the seismic waves at the recording sites.
Antelope 5.4 software (2018) does not allow for the application
of static corrections to the magnitudes of an individual station
to compensate for its systematic over- or underestimation
in comparison to the average magnitude of an event. The
software was selected for its ability to automatically locate large
numbers of mining events and to undertake a quick magnitude
assessment. This is followed by manual re-analysis with a
user-friendly graphical interface and is suitable for processing
a large number of events. Even if it were possible to apply a
static correction this would not be practical, because stations are
re-located if the security at a site deteriorates. Hence, average
magnitudes should be calculated from as many as possible
individual stations to ensure the best possible magnitude
estimates.
Magnitudes for larger events recorded by both the SANSN
and cluster networks should be compared to one another. The
seismometers of the SANSN are installed on bedrock inside highquality vaults at sites with low background noise. The SANSN
estimates of magnitudes for larger events should therefore be
more accurate than those reported by the cluster networks.
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us to shape and move the blast muckpile. The additinoa
control to both mange the uniformity and fragmentation as
well as environmental control using electronics.
Specialised Blasting Techniques
➢ A look into the world of specialised blasting, highwall stability,
secondary breaking & demolition.
Environmental and Health
➢ Managing the community and avoiding the issues of ground
vibration, noise & airblast.
➢
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PRESENTER
Simon Tose is an
expert in Blast
Design from AECI
and will be sharing
his expertise on this
subject.
Simon Tose is an established
industry recognised consultant,
registered professional engineer
and leader in technology,
mining, explosives and blasting
science. Holding a BSC Hons
Mining Engineering degree,
management and explosive
qualifications. Extensive experience
in mining methods, education
and management of projects and
blast investigations. He has written
papers, articles and presented at
a number of International and
Local conferences. Current board
member of the IOQSA & ISEE and
regular contributions to the SAIMM
& AusIMM.
With a strength in project design
he leads the Blast Consult team
with a strong passion for the
development of environmental and
blast monitoring, measurement
and investigation, consulting,
management and financial analysis
for AECI
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