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ABSTRACT

A strategy to determine the probability that a mining induced seismic svent will
oveur with magnitude which exceeds some specified value within a given time is
investigated.

The model allows for a non-linear ﬂequency-magaﬂmde relationship and a
Poissonian distribution of seismic events in time. The procedure is also
independent of the method of mining and of the mining geometry,

The model was applied to clusters of various sizes, starting from small areas on a
single reef and ending up with the entire mine as a single entity.

It was shown that the model works well with large populations of events, but to be
successful with small clusters, the retention of the Poisson distribution is too
restrictive and a non-stationary mode! of seismic event occurrence in time will have
to be developed.

e
-1~



ACKNOWLEDGMENTS

Thanks and sincere appreciation are directed to the following persons and
institutions:

e My supervisors, Dr L Clark, Faculty of Mining Engineeﬁng, University of the
Witwatersrand, and Dr R.W.E. Green, Bemard Price Institute of Geophysics,
University of the Witwatersrand, for their heip and guidance.

s Professor Andrzej Kijko, who introduced me to this line of research in the first
place, .ud who has helped me with the theoretical aspects of the project.

» Mr A van Zyl Brink, for his help with the specification and operation of the
ISS network.

» MrKL. Riemer, for his support and interest in this project.
e 1SS International, for allowing me to use their offices, equipment and data.

o Goldfields of South Afiica for granting me study leave and assisting me
financially, '

-iv =



CONTENTS

DECLARATION
ABSTRACT
ACKNOWLEDGMENTS
LIST OF FIGURES

LIST OF TABLES

INTRODUCTION

CHAPTER 1 Specification of the Equipment
CHAPTER 2 Theoretical Background
CHAPTER 3 Results

CHAPTER 4 Discussion and Conclusion

APPENDIX A  Magnitude

APPENDIX B Sufficiency Conditions for Maxima
APPENDIX C The Poisson Process

APPENDIX D Space-Time Clustering
APPENDIX E Program Listings

APPENDIX F Fragment of the Data

APPENDIX G Correlatic:a between Seismicity in Adjacent Areas

REFERENCES

Page

21

60

66
72
75
76
79
94

95

96



LIST OF FIGURES

Figure Page
2.1  Frequency-magnitude histogram 6
2.2  Frequency-magnitude relationship 7
23  Graphing Eq. (2.2) for various values of C 8
2.4  Weibull probability density function 11
2.5  Weibull cumulative distribution function | 11
2.6  Crossection through reefs 16

2.7  Scheme for the evaluation of the time-dependent seismic hazard 19

3.1 - Increase in activity rate due to physical reasons 34
3.2 Increase in activity rate due to improved instramentation 34
3.3  Scatter diagram for the VCR events 37
3.4  Scatter diagram for the CLR. events 33
3.5  Scatter diagram of events in the Y-Z plane ' 39
3.6  Selected clusters on the VCR : 40
3.7  The effect of blasting on activity rate 41
3.8  Seismic hazard for cluster 1 on the VCR for various 42
: parameter windows
3.9  Seigmic hazard for cluster 1 on the VCR : zoomed in for 43
days 300-470 _
3.10 Frequency-magnitude relationships for both reefs | 44
3.11 Large events on the VCR and CLR 45
3.12  Seismic hazard for the VCR and CLR 46



Figure Page

3.13  Gutenberg-Richter relationship for the entire mine 47
3.14  Activity rates for the entire mine 48
3,15 Events with magnitude = 15.50 for the entire mine 49
3.16 Events with magnitude > 16;00 for the entire mine 50
3.17 Events with magnitude = 16.25 for the entire mine 51

3.18 Values of § C and N in each parameter window (entire mine) 52
parameter window = 12 days, prediction magnitude = 15,50
prediction window = 7 days

3.19 Valuesof 8 C and Nin each parameter window (entire mine) 53
pararaeter window = 30 days, prediction magnitude = 16.00
prediction window = 20 days

3.20 Values of 4 C and N in each parameter window (entire mine) 54

parameter window = 45 days, prediction magnitude = 16.25
prediction window = 43 days

3.21 Seismic hazard (entire mine) : parameter window = 12 days 55
prediction magnitude = 15.50, prediction window = 7 days

3,22 Seismic hazard (entire mine) : parameter window = 30 days 56
prediction magnitude = 16.00, prediction window = 20 days

3.23 Seismic hazard (entire mine) : parameter window = 45 days 57
prediction magnitude = 16.25, prediction window = 43 days

3.24 Seismic hazard {entire mine) - no "event arrows" 58

3.25 Time-magnitude relationship 39
4.1  The effect of too short a parameter window 63
42 A matched window-magnitude pair (right) contrasted with 65

too long a parameter window (left)



Figure _ : Page

Al One of three components of a typical velocity seismogram 66

A2  Displacement speciral density of the seismogram shovm 68
in Fig. (A1)

Bi  Mesh of (the logarithm of) the likeilhood function for 74
typical values of the parameters '



LIST OF TABLES

Table

3.1  Particulars regarding cluster 1 on the VCR

3.2  Particulars regarding cluster 2 on the VCR

3.3  Particulars regarding cluster 3 on the VCR

3.4. Particulars of cluster 1 (VCR) after restrictions

3.5  Particulars of cluster 2 (VCR) after restrictions

3.6  DParticulars of cluster 3 (VCR) after restrictions

3.7  Particulars regarding the entire VCR

3.8  Particulars regarding the entire CLR

3.9  Particulars of the entire VCR after restrictions

3.10  Particulars of the entire CLR after restrictions

3.11 Particulars regarding the entire mine

3.12  Particulars regarding the entire mine after restrictions

El  Conversion from magnitude tx) to moment magnitude (M)
F1 A fragment of mining-induced seismic data

Gl X, Y coordinates of 4 analyzed clusters of seismic events

G2  Maximum cross-correlation coefficients

Page

23

25
25
26
28
29
29
30
32

32

94
95

95



Introduction

ISS International has developed a methodology to assess the seismic hazard of a
mining operation, which is independent of both the mining geometry and the
method of mining. Prof, A. Kijkv was responsible for the theoretical aspects of this
project and Mr C.W. Funk originally wrote the computer program to implement
this mine specific methodology using space-time clustering techniques (see
Appendix D). |

Because we are going to use a simplified approach to clustering, viz. visual
identification of spatial clusters, it was felt that all computer programs should be
re-written for this project specifically. This approach also has the advantage of
flexibility, customization and independence during the research and validation
phase of the methodology.

Typically the procedure staris by recording on a computer database, the totality
of seismic events on a mine, {or a sufficiently large area of a mine), over a
sufficiently long period of time - typically years - using a reasonably high resolution
seismic network. The concepts loosely described here will bs made concrete in
Chapter 2,

We believe that seismic information can be gleaned, not from the average
seismicity prevailing over the entire mine, but from the anomalous behaviour of
seismicity. On account of this, the first phase of the program scans the entire
database and clusters of seismicity are identified manually, All subsequent
statistical analysis is then performed on these clusters separately, the clusters being
regarded as indepmd'em populations or catalogues of events.

Having selected a particular cluster, the cumulative frequency-magnitude diagram
is drawn for the entire span of the catalogue. From this one is able to determine



the threshold of completeness of the catalogue, events of magnitude less than this
threshold being discarded,

During the operation of the second phase of the program, cstimates of the
parameters defining the time-dependent seismic hezard are obtained from a
statistical analysis of the events in a moving time-window defined on the interval
(t-At’, 1} say, and this function is then used to find the probability of obtaiaing an
event having magnitude equal or greater than x, within the following time interval
(1, t+Af]. As these time windows increment their way shronologically through the
catalogue, the corresponding probabilities are evaluated. The computer displays
the results as a continuous function,

At this point in time, no thorough investigation has been made to determing the
optimal values and relationships between certain parameters of the model eg
prediction magnitudes and time-window durations etc., as well as the question of
cluster size, which is important in view of a report (Kijko, 1993) which shows
significant correlation of seismicity between adjacent mining areas.

This project report proposes to address the above issues,



Chapfter 1

DESCRIPTION AND SPECIFICATION
OF THE DATA ACQUISITION SYSTEM

Only those aspects of the system thas pertain directly to the quality of the data and
to the processing of seismic parameters used in this project, will be dealt with in
this chapter. '

General Description

All data for this project was collected and processed by the Integrated Seismic
System. The ISS, as it is known, is comprised of remote stations, a
communication system and a central computer. It is Digital, Intelligeni and
performs on-line Automatic, Quality Controlled, Seismological processing. In our
case, the remot¢ = stions happen to be Intelligent Seismometers.

An Intelligent Seismometer:

» calibrates and monitors a triaxial set of geophones

o keeps network time

= triggers on seismic events

« describes all triggered events to the central computer in terms of time,
amplitude and duration

« sends waveforms on request

o  keeps largest events if triggers are faster than transmission



Seismological processing produces the following results

Ground Motion Characteristics

« average background noise level

o maximum amplitude and period

« central 90% of energy experienced by a given station (E90) and its
duration (T90)

e power of the ground motion = ES{(/T90

» spectral parameters

Location

s P andS arrivals

direction, azimuth and take-off angle
X,Y,Z - coordinates of the hypocentrs
lecation error estimates

Seismic Moment Tensor

o decomposition into isotropic and deviatoric components

» directions of principal stresses acti: at the source and fault plane solution
» radiation pattern

Source Parameiers

» seismic moment

o radiated energy

= corner frequency

» static and dynasmic stress drop
« magnitude

The advantage of a digital system lies primarily in maintaining the integrity of
acquired seismological data. With conversion to a digital format as close as
possible to the sensors, maximum dynamic range can be ensured. Accurate
calibration of the seismic waveform data is easy 1o maintain, Digital
commurication between the remote sites and a central computer allows for
transmission of waveforms with no amplitude or phase distortion.



For every seismic event of M; = 3 there can be ovc;,r 10 00 events with M 2 -1,
To get reliable source parameters, every event should be fecorded by at least 5
three-component stations surrounding the source, giving a total of 150 000
waveforms to be processed. This cannot be done manually, and the ISS resorts to
quality controlled, automatic processing, and the operator interacts only when
required,

Specification

Intelligent S'eismomete;'

Dynamic range 132 dB

A/D resolution 12 bits

Sampling rate per component 2 kHz

Anti-alizsing onset 500 Hz

Filter 6 th, order Bessel
Geophone 4.5 Hz resonance frequency
Real time clock resolution 500 ps

Communication channel Modem

System

Sensors triaxial geophones in 20m boreholes
Configuration 26 sensors 1.5km ave. source to sensor distance
Sensitivity My{min) < -0.5

Min. velocity for triggering  1x10-5 m/s

Location process L, - norm

Mean location error 50m

Sensor lattice dimensions ~ 8kmx 3kmx 3.5km (L x WxD)



Chapter 2

THEORETICAL BACKGROUND

PARTI

Let the sample space Q be the totality of events w; (f = 1,2, ., ., n), recorded in a
particular region of the mine over a given period of time by some given monitoring
equipment.

Frequency Density

Figure 2.1 Frequency - magnitude histogram

Let us define a continuous random variable X{) which associates with each event,
some or other seismic parameter x, which in this case we take to be log (M4, + )
and which we here call magnitude; M, is the seismic moment, & the seismis event
energy and yis a constant. See Appendix A.
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If grouped magnitude is plotted in the form of a frequency density histogram, one
obtains the general shape depicted in Figure 2.1.

Perhaps a more informative presentation of the data would be to plet the logarithm
of the cumulative frequency against the magnitude; the upper curve in Figure 2.2
below.

- (i) log (cumulative frequency) and (ii) log (frequency)

)

(ii)

Figure 2.2 Frequency-magnitude relationships

This gives rise to the well known Gutenberg-Richter relationship log n(x) = a - bx,
where n(x) is the number of events not less than magnitude x, a is the ordinate
intercept of the linear portion of the graph produced, and b is the absolute value of
the slope of this linear portion; the so-called b-value. If however, we let n(x)
represent the number of events in a given class interval about x, we get the lower
curve in the Figure 2.2 above,

Of vital importance here is the identification of the magnitude x, abuve which the
data set is complete. The "flattening" of the curve to the left of x, does not mean
that the number of events with magnitude less than this are diminishing; rather it
reflects the inadequacy of the monitoring equipment to register fully all events
below this threshold vaiue. In the analysis that follows, all events with magnitude



less than x, are discarded from the sample space ) and we therefore work with a
complete, albe’t left-truncated set Q, c 2

Bearing this In mind, it suits our purposes to re-write the Gutenberg-Richter
relationship in the point-slope form, where o say, is the ordinate value
corresponding to the threshold magnitude x,, and also to change to Napierian

logarithms, giving

@.1)

9 r < %
tn n(x) = {a~ﬁ(x~xn) XX,

with a= (#-bx)In(10) and B = b (10).

Unfortunately, when actual data from a cluster, belonging to the set £, from the
mining environment, is plotted according to the above scheme, it is observed that
11e graph is not a straight line, but somewhat curved. This means that equation
(2.1) has to be generalized to accommodate this and Comell and Winterstein,,
(1938) have suggested

0 X < X,
= ; Cz1 .
In n(x) {a-—,&(x-—xa)"' ¥=x, (2.2)
=L =100
In n(x) -G 1.28
E L =140

A -G = 1.50

Figure 2.3 Graphing Equation (2.2) for various values of C



Equation (2.2) can be re-written as

- 0 X <X,
n(*) { expla—Blx-x,)°]1 x2x,
Let us write
- dn(x) - 0 x<x,
7 = "% {-ﬂC(x—xo)""‘ pla-plr-x)°] 2%, O

In order for f{x) to qualify as a probability dénsity, it mus: satisfy

) fw20 vieR
i) [ fede =1

Condition (i) requires that we drop the leading negative sign because all factors to
the right of it are positive, and condition (ii) forces

c-1 |

Tﬂc(x"‘xa)weahﬂ (x—xo)cdx - —eﬁ—ﬂ (x—-xo) - ga =1 ==
% %o

Hence, the probability density function is

X <X,

0
R VT &8

The cumulative disiribution function can be cbtained from the probability density

X
function according to F, (x) = I Jy (w)du. Hence, from equation (2.4),
-



0 0 X <X
F.(x)=4{x

[BC-%)° expl-pu-2)"1dt  |1-exp[—pre-5)"] x 2 %,
X

(2.5)
Equations (2.4) and (2.5 are known as the Weibull distribution functions (e.g.

Johnson and Kbotz, 1%,0) and are often used in modelling seismic event
occurrences (Utsu, 1984; Cornell and Winterstein, 1988)

If C = 1, the rormulas reduce to the exponential distribution functions (e.g.
Johnson and Kotz, 1970).

o ' X <X
fx ) = {ﬁexpl-ﬂ(r—xo)] ¥z, @9
F I L x <X, o
L Ry @D

Figure 2.4. and Figure 2.5. below, show the graphs of equation (2.4) and equation
(2.5) respectively, for typical values of the parameters § and C, and threshold
magnitude x,. '
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Probability density

()

Magnitude

Figure 2.4 Weibull probability density function

Cumulative frequency

Fx x)

e

X, 0 X

Magnitude

Figure 2.5 Weibull cumulative distribution function

Of all the methods available to us for the estimation of parameters, only two have
been used extensively to estimate b, viz. the method of least squares and the
method of maximum likelihood.

The least squares method tends to estimate too low a b-value, because it cannot
include magnitudes above the maximum observed. (Bender, 1983). Therefore, in
keeping with most authors today, we are going to find the maximum likelikood
estimators of fand C,

-11-



The Maximum Likelihood Estimators of S and C

Let w; be n observed events in £, with corresponding magnitudes x; ie.
let X(a3) = x; (i =1,..., n). Then the likelikood function is given by

LAC) = TPt -5)°" expl-pls ~)°] )

The maximum Iikéb‘hood estimators of § and C are those values of these
parameters which maximize L(8, C).

Therefore, to find the maximum likelihood estimate of £ we differentiate Eq. (2.8)
partiaily with respect to £ and equate to zero, Fortunately, the result is equivalent
to first taking logarithms on both sxdes of I“.q (2.8) and then proceeding to
differentiate and equate to zero.

In L(B,C) = nlnfB +ninC +(C- 1)21n(x, %))~ ﬁZ(x,—x,,)“'

fal

MMLBLC) n &
2 ﬂ ;(x, %) and
AnLB,C) 12 -
MG o > p - [;E(x,_x,,)] 29)

To obtain the maximum likefihood estimate of C, we proceed as before except that
now we differentiate partially with respect to C.

PR = G Yintn —x) = A3 5-) nG—x)

Using Eq. (2.9) to substituie for # and equating the result to zero gives rise to

_+—§ln(xi x°) [l.i(x’__xn)C] -g(xj xo)cln(x: xn) (2.10)

Equations (2.9) and (2.10) can be more conveniently written

-12-



oA

1
= d 2.9
B ((x-xo)c) an (2.92)

i | _ ((s-5)° in(x-%,))
E-;-(ln(x—xu)) = | ((xe-xo)")

(2.10a)

were {-) represents the average over the samples,

Simultancous solutions of Equations (2.9) and (2.10) give rise to the required
maximum likelihood estimators B and ¢ of Band C respectively.

In the special case where C = 1 (classical Gutenberg-Richter relationship),
Equation (2.9) takes on a particulatly simple form. (Aki, 1965; Utsu, 1965).

B = [1i(x,—x.,) L @11)

v 1 ]
nis ] Y mmg] (e

[It is to be noted that Equations (2.9) and (2.10) are necessary but not sufficient |
conditions for the maximizing of Equation (2.8). See Appendix B].

From the central limit theorem it follows that for sufficiently large n, ﬁ is
approximately normally distributed about its mean value given by (2.11) ¥ , with
standard deviaticn equal to (Eadie, et al., 1982)

-1 .
. (a*mz)’ )
op* 1y

G'ﬁ="

and since b = Blog (), the standard deviation of & is 0, = £ ljg_(e) .
n

1 For large i, Cfends {obaclosato 1.

-13 -



The probability rate of occurrence of seismic events 4

The activity rate, as its generally known, is given by 4 = #/At, where n is the
total number of events with magnitudes greater than or equal to the threshold
magnitude, and Ar’ is the time span over which these events occurred.

Assummg At' is such that the occurrence of events in the time interval (f-Af, 7]
follows a Poisson distribution, and that A7’ is long encissh to obtain sufficient data
for a reliable estimation of the parameters, the probability of at least one seismic
event with x = x,, occurring between t and £+ At is

1~ exp(—AAL). {2.12)

(See Appendix C for details).

Seismic Hazard

By seismic hazard we mean the probability of obtaining a seismic event of
magnitude x, greater than some given magnitude x,,, which is above the threshold
value x,, within a given time interval (¢, 1+ Af].

From equation (2.5), we see that the probability of getting an event less than x, i;
B (x <x,) =F(%,) = 1—exp[p(%, — x,)1= 0

Hence, the probability of getting an event equal to or greater than x, is given by
B(x23)=1-B(x<x)=1

and for this situation, the activity rateis 4 seismic events per unit time.

Therefore, the activity rate 4, for the occurrence of events with magoitude x > x,,

where x,, > x,, must be equal to A times the probability of getting these larger
events.

Thatis, 4, = A[B.(e2 x,)]= A[1- B(x<x,)]=A[1-F(x,)]

-14 =



From Equation (2.12), it follows that. the seismic hazard, given by the probability
of obtaining at least one event equal to or greater than x,,, during the intervai
(¢, £+ Af] is given by

1-exp(-4,A1) - {2.13)

PART ]

In this section we will show how to

(i)  obtain the sets referred to above as Q,

(iiy impose tim-dependency on the hazard function (2.13).

The computer programs used in this project are divided intc two phases. (see
Appendix E for program listings). The programs belonging to the first phase are
used to filter the raw data and have as their objective the delineation of the
clustering,. The second phase programs operate only on selected clusters to
produce statistical information.

First Phase (clustering)

Two gold-bearing reefs are mined, one called the Ventersdorp Contact Reef
(VCR) and the other called the Carbon Leader Reef (CLR). Both reefs are
essentially planar. '

In acoordinate system with origin 6000 ft above mean sea level, and in which the

positive X-axis points southwards, the positive Y-axis points westwards, and the
positive Z-axis points downwards - thus giving rise to a dextral system - the VCR

-15-



has the equation  0.3259X - 0.1949Y - Z -15079 =0 and the CLR has the
equation 0.3670X - 0,0885Y - Z -10798 = 0 where X, Y and Z are in mefers.
(See listing of program E.1, Appendix E). The domain of interest is approximately
25000 <X <30500 and -46000 <Y <-37000.

Only those seismic events which have been located by 5 stations or more will be
kept. This is to ensure that we have quality locatiois.

* ¢7

Figure 2.6 Crossection through the reefs

The Figure above shows an idealized crossection of the mine and is not to scale. It
is idealized because the two reefs cannot be simultaneously edge on. However, it is
sufficiently good for helping to ¢ :plain the way in which the seismic events are
going to be grouped,

Plane A bisects the vertical distance between the VCR and the CLR, and the CLR
in turn, bisects the vertical distance between plane A and plan: B,

-16-



Plane A and Plane B are defined in terms of the mine coordinate system as
0.34657X - 0.14175Y - Z - 12943.5= 0 and 0.3878X - 0.0353Y -Z -8665.5=0

respectively.

All the seismic events are now going to be classified in terms of their positions |
relative to three planes, i.e. in terms of their positions relative to plane A, plane
B and the plane Z - 500 =0.

» Events above the plane Z - 500 = 0 are simply going to be disvarded, for it is
unlikely to be a true event and is mest likely the result of some corruption of
previously good data, Examples of this are events el and 2.

« Events which lie below the plane Z - 500 =0 and above plane A are going to be
classified as those events falling under the influence of the VCR. Examples
here are events e3 and ¢4. '

e Events which lie between plane A and plane B are reckoned to be those which
are most influenced by the mining on the CLR. Examples are events 5 and e6.

« Finally, those events which happen to be helow plane B cannot easily said to be
influenced by one or other of the reefs se; . .tely. An example here is event e7.

Note: there is little point in defining a plane similar to plane A e.g. above the
VCR. because there is a physical limit as to how shallow events can be, (they have
to be below the surface e.g.), but no theoretical limit as to how deep in the earth's
crust they can be. Also , events do not happen too high into the VCR hanging-wall
anyway. Large, and very deep events are fault-plane slip type events, and can be
initiated by mining either on the VCR or on the CLR, whereas events in the
hanging-wall of the VCR are of various types but usually attributable to mining on
the VCR itself. The plane Z = 500 is really superfluous - it's there just to guard
against electronic corruption of the data e.g,

Figures (3.3), (3.4) and (3.6) on pages 37, 38 and 40 respectively, have all been
obtained in accordance with this scheme.

-17.



Second Phase  (time dependent hazard)

Before actually getting down to the main aspect of this section it is necessary to
determine the threshold of completeness x, , for each of the clusters. To achieve
this, the cumulative frequency-magnitude diagram is drawn for each cluster and x,
determined by inspection. Since we are dealing with an entire cluster, there are
usually sufficiently many events for the diagram to at least approximate the
classical Gutenberg-Richter relationship, and hence the cut-off point can most
likely be recognised without too much trouble. It would be a good idea to confirm
the results of the cutoff with activity rates in the cluster before and after cutoff, on
account of the subjective nature of estimating x, . The value of x, can change
from place to place on the mine because (i) the density of geophones is not
uniform throughout the mine, (ii) the rock quality, and hence the aitenuation,
changes from place to place, and (iii) different types of source mechanisms can
predominate in different areas. Therefore, there can be a different threshold of
completeness for each cluster.

Having discarded ail events below the threshold, we have given practical
expression to our theoretical set £,

Time Windows

We have two windows, a parameter-window and, immediately ahead of it, a
prediction-window. The lengths of both these windows are controlled by the user.
The parameter window operates only on complete data that belongs to a selected
cluster.

The ster Window

As its name suggests, this window is used for the purpose of calculating the
parameters C, Fand A of the hazard fanction (2,13), based on all the events in
the window at any given time. As tt- window moves through the data
chronologically, new events enter the window and old ones leave it. Therefore, the
values of C, £ and A will change in time and so we must write C = (),
A=A and A=Ay,

-18-



The Prediction Window

The parameters calculated in the parameter window are now assumed to be valid
for the duration of the prediction window. In other words, the results of the
parameter window are extrapolated to the prediction window where the hazard is
then calculated and plotted.

The equation for calculating the time dependent seismic hazard can now be given

H(x, 1= B{x2x,| (¢, 1+ Afl} = 1-expf-4,(1)- A1)

=1-exp{~2()- At expl-p)(x, ~ %) T} 214)

wherex,, (>x,) is the so called prediction level or prediction magnitude.

P
R
0
2 oP
B
I
L
1
T
Y
t TIME
t- At' t t+AL
Paramefer Window Prediction Window >

Figure 2.7 Scheme for the evaluation of the time-dependent seismic hazard
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P is the probability of obtaining an event of magnitude 2 x,, within the time
interval (¢, # + Ar] based on an extrapolation of parameters calculated in the
interval (f - A, 1].

-20-



 Chapter 3

RESULTS

In this Chapter we will be presenting the methods that were followed and the
results that were obtained of our model's interaction with the data. We must
bear in mind that at a later stage we will want to answer the following
questions or concepts,

(i)  how does our model cope with clusters of various: sizes?

(i)  canwe find an optimal prediction level or magnitude, and optimal durations
for the parameter and prediction windows?

(i)  do the results lend themselves to the identification of areas of strengths
and weaknesses and hence to future developments of better models?

Let us now discuss some constraints in our choice of window lengths,

1)  Prediction window

« Since the prediction window relies on an extrapolation of the parameter
window, we feel that the prediction window must not be of a greater duration
than the parameter window.

» If the prediction window is too short, the hazard hovers around zero and if it is
too long it hovers around 1.

.21-



2)  Parameter window

o The parameter window cannot be too short, for then there will be an
insufficient number of events to perform meaningful statistics.

« Too long a window, on the other hgnd, will result in an excessive smoothing
effect, so that the hazard function will not be sensitive to local trends.

Inspection of Fig. (3.3) on led naturally to the visual identification of three clusters
on the VCR as depicted in Fig, (3.6). The coordinates of the apices of the clusters
are as follows:

Cluster {(29558, -41761), (29352, ~41420), (20051, ~41384),
(29119, -41846), (29232, -41936)}

Cluster2  {(29233, -42343), (28880, -41894), (28171, ~41894),
(28086, -42001), (29092, ~42476)}

Cluster3  {(28752, -42923), (28680, -42457), (28486, -42325),

(28054, -42251), (27834, -42300), (28005, -43110),
(28054, -43137)}

The clusters are then prisms, *runcated top and bottom according to the scheme
described in Chapter 2,

Applying Program (E3) to the entire catalog of events enables us to obtain all the
information we 1equire about each of these clusters, A summary of this

information is given in the three Tables below,

Note; All quantities are measured in S.1. units unless otherwise stated.
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Table 3.1 Particulars regarding cluster 1 on the VCR

Cluster clust _l.ver contains 2002 events

An average of 3.40 events per day over 1.6 yeare

Taotal Cluster Moment = 2,0829120+14
' Total Cluster Energy = 2.872218e+09
| Maximum Moment = 7.360000a+12
Minimun Moment = 2.750000e+08
| Maximum Energy = 2.920000a+08
Minimum Enargy = 2,060000e+02
Average Moment = 1.040416a+1]
Average Energy = 1.434674e+06

Garma, = 7.251930e+04

Table 3.2 Particulars regarding cluster 2 on the VCR

Cluster clust_2.ver containg 3275 events

An average of 5,57 events per day over 1.6 years

Total Cluster Moment : = 3.346618e+14
Total Cluster Energy = 1,085200e+10
Maximum Moment = 1.910000e+13
Minimum Moment: = 1.820000a+08
Maximum Energy = 2,620000e+09
Minimum Energy = 1,020000e4+02
Average Moment = 1.021868e+1l
Average Enexrgy = 3.31358%9e+06
Gamma = 3.083872e+04




Table 3.3 Particulars regarding cluster 3 on the VCR

Cluster clust_3.ver contains 4468 events
An average of 7.60 events per day over 1.6 years

7.528824e+14

Total Cluster Momeni:

Total Cluster Energy 4.115475e+10

Maximum Moment 1.000000e+14

Minimum Moment = 1,450000e+08
Maximum Energy = 1,930000e+10
Minimum Energy = 5.340000e+01
Average Moment = 1,685055e+]11
Averéga Energy = 9,211001e+06
Gammz = 1,8293%94e+04

The first bit of information that we are interested in is the value of 7 and this
should be characteristic of the clusters as a whole. The reason we insist on this is
that it is conceivable that a single event in a cluster can radiate more energy than
all the other events in the cluster put together, and this will distort y terribly and is
not what we're after. Also, the cascade of events prematurely triggered by blasting
cannot be said to be "typical". Inspection of the three tables above shows a great
diversity in the value of y and suggests that the mechanisms described are playing
a significant rdle here. '

To overcome this problem, we turn our attention to Fig. (3.7) and notice that if we
cut out all events between the times of 15:00 and 20:00 we will cut out the
majority of prematurely triggered events and if we restrict the maximum event
moment and maximum event energy to values , say, of lel2 Nm and eS8 J
respectively, we have a good chance of obtaining a characteristic  The test for
this of course, will be if the calculated value of y for all 3 clusters happen to be
identical.

After implementing the restrictions in the above paragraph, the following results
were obtained.
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Table 3.4 Particulars of cluster 1 (VCR) after restrictions

Cluster clust_l.ver (cuk) contains 1001 events

An average of 1.70 evente per day over 1.6 wvears

Total Cluster Moment = 4,576632e+13
Total Clugter Energy = 4.333911le+08
Maximum Moment = §,720000e+11
Minimum Moment = 2,750000e+08
Maximum Energy = 3.080000e+07
Minivum Energy = 2,060000e+02
Average Moment = 4,572060e+10
Average Energy a 4,329582e+05
Gamma = 1.056005e+05

Table 3.5 Particulars of cluster 2 (VCR) after restrictions

Cluster clust_2.var (cut) contains 1559 events

An average of 2,65 events per day over 1.6 years

Total Cluster Moment = 5.183768e+13
Total 01ustep Enerqgy = 4,411739e+08
Maximum Moment = 1.000000a+12
Minimum Moment = 1.8200000+08
Maximum Energy = 2,700000e+07
Minimum Energy = 1.020000e+02
Average Mowment = 3.325060e+10
Average Energy = 2.829852e+05
Gamma = 1.1749%4e+05
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Table 3.6 Particulars of cluster 3 (VCR) after restrictions

cluster elust 3.ver fcut] contains 1844 events
An average of 3.14 avanﬁa per day over l1l.& years
Total Cluster Momentc »= 7.3190846+13
Total Cluster Energy = 7,847045e+08
Maximum Moment = 9,800000e+11
Minimum Moment = 1,450000e+08
Maximum Energy = 4.53000be+07
.'Minimum Energy = §.340000a+01
Average Moment = 3,969134e+10
Average Energy = 4,255448e+05
Gamma = 9,327184a+04

As one can see immediately, we have for all intents and purposes achieved our aim
and can safely take y to be 1.05e5 and use thiz value as being generally
representative of events in the area occupied by the three clusters on the VCR,

We are now in a position to calculate what we term magnitude for all the events in
the clusters, according fo the formula x = log{M, + y E) which has already been
mentioned in previous chapters.

We now invoke Program (E.5) - which acts on the entire data set of each cluster in
turn - and use its output to plot three log(cumulative frequency) vs. magnitude
curves, From these graphs, the cutoff magnitude x, (threshold of completeness) is
determined. The results of this exercise were as follows:

Cluster | x, = 10375
Tust x, = 10.125
Cluster3 x, = 10,125



We are now finally in a position to calculate the hazatd for each of the clusters
throughout the 588 days that span the catalog. To check the accuracy of our
prediction, we use Program (E.6) to list all the actual events which occurred in the
cluster having magnitude equal to or greater than some spesified value, which in
this case will be taken to be the prediction magnitude x,, (There is a good case for
taking this magnitude somewhat lower than x,, but we won't do ro here).

A useful constraint on x,,is obtained from the fact that we want between 10 and 40
events say, with magnitude = x,, in each of the clusters under consideration -
more than this just clutters up the picture.

Let us now turn our attention to Program (E.7). The first thing to notice is that the -
user inputs three major parameters viz. the Prediction window duration, the
Prediction magnitude, and the Parameter window duration.  Numerous
combinations of these three parameters were tried on all three clusters, and the
results were all much the same when compared to the actual occurrence of events
equal to or above the prediction magnitude. Therefore, only a typical set of results
is displayed in Fig. (3.8) and a zoomed in section, between days 300 and 470 for
all four charts, is given in Fig. (3.9).

The parameter details are as follows,

Cluster 1 (VCR)

Prediction magnitude held fixed at 12.75.

Chart (A) Parameter window = 20 days and prediction window = 14 days.
Chart (B)  Parameter window = 45 days and prediction window = 28 days.
Chart (C)  Parameter window = 75 days and prediction window = 54 days.
Chart (D)  -Paramcter window = 100 days and prediction window = 72 days.

The actual events in the cluster having magnitude > 12.75 are superposed on the
hazard charis as short vertical lines resembling bar codes .
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A convex cluster having apices {(29208, -42642), (26987, -42642),
(26169, -43859), (26987, -45011), (28701, 45011)} was tded on the CLR,
following essentially the same procedure as with the clusters on the VCR, but
again, the results yielded nothing new.

Tt was now decided to treat the entire VCR as a single cluster and also the entire
CLR as a single cluster. Again, the same procedure as before was followed. The
overall statistics, before and after cutting out the blasting times and the
outstandingly large events, are shown for the VCR and CLR respectively.

Table 3.7 Particalars regarding the entire VCR

Cluster allver contains 19050 events
An average of 32.40 events per day over 1.6 years
Total Cluster Moment = 3.435072e+15

| Total cluster Energy = 2,095121a+1l
Maximunr Moment = 1,380000e+14
Minimum Moment = 8.170000e+07
Maximum Energy = 4,350000e+10
Minimum Energy = 4.080000a+01
Average Moment = 1,803187e+1l
Average Enerqgy = 1.099801e+07
Gamma = 1.839558e+04
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Table 3.8 Particulars regarding the entire CLR

Ciuster allcl contains 18302 events
An average of 31.13 events per day over 1.6 years
Total Cluster Moment = 5.722023e+15
Total Cluster Energy = 1.493800e+12
Maximum Moment = 4,600000e+14
Minimum Moment _ = 9,450000e+07
Maximum Energy ' = 3.740000e+11
Minimum Energy = 3.240000e+01
Average Moment = 3,126447e+11
Average Energy = 8.16194%a+07
Garma = 3.830515e+03

Table 3.9 Particulars of the entire VCR after restrictions

Cluster allver (cut) contains 8266 ovents

An average of 15.25 events per day over 1.6 years

Total Cluster Homent = 3,806795e+14
Total Cluster Energy = 4.438563e+09
Mazximum Momént = ]1.000000e+12
Minimum Moment = 8.170000a+07
Maximum Energy = 5,210000e+07
Minimum Energy = 4.080000e+01
Average Mowment = 4,357345e+10
Average Energy = 4,950438e+05
Gamma = 8.801937e+04
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Table 3.10 Particulars of the entire CLR after restrictions

Cluster allel ({cut) contains 11084 events
An average of 18.85 events per day over 1.6 years
Total Cluster Moment = 3.744291e+14
Total Clusteor Znergy = 1,294565e+10
Maximum Moment = $.930000e+11
Minimom Moment = 9,860000a+07
Maximum Enargy = 9,950000e+07
Minimum Energy = 3.240000e+01
Average Moment = 3,378104e+lQ
Average Eneray = 1.1679582+06
Gamma = 2,892316e+04

The outcome, is that for the entire reefs, we find that;
Yovemy = 88020

Yy — 3923

Using these values of ¥ we are able to draw the log{cumulative frequency) vs.
magnitude graphs for the VCR and the CLR and they are displayed jointly in
Fig. (3.10).

In the case of the VCR the cutoff magnitude x, was deemed fo be 10.125 and in
the case of the CLR, 9. 125

After many attempts at trying to find optimal window durations and prediction

magnitudes, to obtain the best match between seismic hazard and the occurrence
of actual events, the following was accepted.
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For the VCR:

Prediction Magnitude x,, = 14.00

Prediction Window = 32 days
Parameter Window = 45 days
For the CLR:

Prediction Magnitude x,, = 14.75
Prediction Window = 18 days
Parameter Window = 30 days

The occurrence of events with magnitude 2 x,, are shown as magnitude - time bar
charts in Fig. (3.11) for both the VCR and the CLR.

Fig. (3.12) displays the hazard for boua reefs, and the actual events with
magnitudes equal to or above the prediction level are superposed on these graphs
as downward pointing arrows. This has been done to expedite the comparison of
the probability of occurrence with the actual events,

The results were somewhat more encouraging than for the small clusters so that
the logical next step forward was to consider the entire mine as a single population
of events. To this end we display the before and after statistics as usual, to find the
value of %
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Table 3.41 Particulars regarding the entire mine

Cluster projdata contains

An average of 72.27 events per

Total Cluster Moment
Total Cluster Energy
Maximum Moment
Minimum Moment
Maximum Energy
Minimum Energy
Averaga Moment
Average Enerqy

Gamma

42493 events

day over 1,6 years

2.263940e+16
5.080126e+18
5.980000e+15
8.170000e+07
5.080000e+18
3.240000e+01
5.327794e+11
1,.195521e+14
4.456464e-03

Table 3,12 Particulars of the entire mine after restrictions

Total Cluster Moment
Total Cluster Energy
Marximum Moment
Minimum Moment
Maximum Energy
Minimum Energy
Average Homent
Average Energy

Gammas, .

Cluster projdata ({cut)

contains

An average of 37.67 events per day over 1.6 years

1.131265e+15
3.1,93%3e+10
1.000000a+12
8.170000e+07
9.9500002+07
3.240000e+01
5.106830e+10
1.408177e+06
3.626555a+04

"3 -
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Using y = 36266, we plot the log(cumulative frequency) vs. magnitude or
Gutenberg - Richter curve shown in Fig. (3.13), Normally, we would just proceed
to find x, and then evaluate the hazard. However, inspection of Fig. (3.13)
shows that estimating the cutoff point in this case is 2 little more difficult than in
previous cases,

We further make the observation that insisting on a complete set is really too
severe a condition, and that actually we are able to get away with a consistently
incomplete data set in which any variations will, as in the case of the complete set,
be attributable to fluctuating physical processes and not to changes in the
sensitivity of the monitoring equipment.

Therefore, let us turn our attention to activity rates, viz. the number of events per
unit time. Factors which affect the activity rate are:

« changes taking place in the mining conditions, e.g. higher rates of extraction
and mining towards unfavourable geological features, etc. i.e. physical
conditions, and

« changes in the sensitivity of the monitoring equipment, e.g. higher geophone
densities, higher sampling frequencies, more sensitive triggering, etc. i.e.
instrumentation.

Let us look at two idealized scenarios; one in which we get a sustained increase in
activity rate due entirely to physical conditions, afier some time t - see Fig.(3.1)
overleaf, and the other, similar in every respect except that the increased activity
rate is now due entirely to improved instrumentation, Fig. (3.2) overleaf.
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Figure 3.2 Increase in activity rate due to improved instrumentation

-34-



(By cutting, we mean excluding from the data set all events having magnitude less
than some given value).

We returi now to the Gutenberg - Richter diagram and make a tentative
cut atx, = 10.125, The question now arises: is this enough? And the answer is
probably no, if we are after a complete set. But in view of the above deliberations,
fet us plot the activity rate for the entire mine, before and after cuiting at 10.125,
The results are shown in Fig, (3.14) and closely resemble the scenario of cut (s) in
Fig, (3.2) above, We conclude therefore, that cutting the data set at 10.125, cannot
guarantee a complete set, but at least we are certain of having a "system - free" set
of data, and that's all that we're really after.

A multitude of various combinations of prediction magnitnde, prediction window
duration and parameter window durations were tried and only three of the more
successful sets ‘tave been recorded in this project. They are:

Setl Parameter window duration = 12 days
Prediction window duration = 7 days
Prediction magnitude = 15.50

Set 2 Parameter window duration = 30 days
Prediction window duration = 20 days
Prediction magnitude = 16.00

Set3 Parameter window duration = 45 days
Prediction window duration = 43 days
Prediction magnitude = 16.25

Bar charts of actual events with magnitudes greator than or equal to 15.50, 16.00
and 16.25 are shown in Figures (3.15), (3.16), and (3.17) respectively.

The calculated values of A, S and C for eachi of the above sets are shown in .
Figures (3.18) to {3.20) inclusive,
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The hazard diagrams for sets 1, 2 and 3 are given in Figures (3.21), (3.22) and
(3.23) respectively. As usual, the actual events have been arrowed in so that the
success or otherwise of the model can be more easily assessed.

Beuause Fig.(3.21) is a little crowded, with the probability function (hazard) not
being too clearly visible at a first glance, a separate hazard vs. time graph is
included - see Fig. (3.24), without the superposition of the "event arrows".

Finally, Fig.(3.25) depicts a linear relationship (Tsubokawa, 1969, 1973) between
the moment magnitude and the logarithm of the "precursive time" (parameter
window) in days obtained from the 3 sets above. It is noteworthy that this
relationship was discovered to hold only after the "input parameters" to evaluate
the hazard had been finafized. Our definition of magnitude was converted into
moment magnitude in accordance with the formula developed in Appendix A, so
that the equation

log(T)=0.932M, - 2.4

will be more intelligible to those Rock Mechanics Engineers etc. who may want to
investigate its potential.
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Chapter 4

DISCUSSION AND CONCLUSION

The usual approach to the statistical analysis of earthquake occurrence rests on
two fundamental pillars, viz.

I. The logarithm of the cumulative number of events is a linear function of the
magnitude: the so called classical Gutenberg-Richter relation:ship.

Il The number of earthquakes that occur in an interval of a given size is modelled
accordiiyz to a Poisson distribution.

In our model we have allowed for a non-linear frequency-magnitude relationship,
but have retained the prensse that the number of events which occur in each time
window (parameter window) throughout the catalog is Poissonian.

The implications of the latter are that we tacitly assume the following:

1. Events occur randomly in continuous time

2. Events occur singly

3. Events oceur uniformly in time

4. Events occur independently.

By observing Figures (3.18) to (3.20) inclusive, we see that C lies approximately -
in the range 1.2 to 1.8 and so we are not called upon to justify our assumption of
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the non-linearity of the frequency-magnitude relationship, The justification for
retaining the Poisson distribution is less ¢lear though, and the results of this project
suggest that it should probably be replaced by some non-stationary distribution,

(Kijko and Funk, 1993).

Refer to Figures (3.20), (3.24) and (3.35).

1.

There seems to be a small but percentible improvement in results as the
cluster size increases.

Possible explaiations

A swarm of smaller events surround the occurrence of a large event in what
are termed fore- and after-shocks. In a cluster containing a relatively few
events in total, this swarming effect can be a dominating feature, and so the
events cannot be said to be occurring at random. In large clusters however ~
the entire mine e.g. - we have the union of a large number of these small
clusters, resulting in the occurrence of the events tending to approximate more
closely a random process.

Events do not strictly occur independently: the advent of a large event de-
stresses the surrounding rock-mass, making less likely the cceurrence of
another large event immediately after the first in the same area. Again, when
large regions are taken into account, this effect becomes less important.

Because of the strong correlation between seismicity in adjacent mining areas
(Kijko, 1993 and Appendix G), the detection of a precursive build-up in one
area can manifest itself as the occur "ence of an event in an adjacent area, giving
rise, erroneously, to a false alarm,
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2. Large prediction magnitudes seem 1o give better results than smaller ones.

sible explanatio

For a seismic event to occur, considerable strain ener;;> must be accumulated
in the surrounding rock mass, It is evident that the larger events are a
manifestation of a considerably longer period of energy build-up than the
smaller ones. It is speculated that blasting can cause premature triggering of
an event by say, a day or two. This will therefore be of tremendous
consequence to small events whose build-up times are several days to a week
or 50, but will be of no consequence to those larger events whose build-up time
span several months or more.

At first sight, it may seem advantageous that the model works best for the mine asg
a whole, the idea being that we can do everything at once. This is not so. To see
why not, consider the meaning of prediction in our context. It means giving the
time, place and magnitude of an event to come, We contend that this model does
rot fair badly with respect to the "time" and to the "magnitude”, but fails in respect
of the "where". It seems obvious that in order to succeed with the location of a
predicted event, one must have a model which is successfui in the domain of small
spatial clusters.

Conclusions

Indications are that retaining the Poisson distribution will not give rise to
models that work well with small localized clusters and the prognosis is bleak
that a stationary model will ever be successful for the purpose of prediction in
the true sense of the word as outlined above. For areas the size of an entire
mine and for moment magnitudes not smaller than say 4.0, the model gives
good results, and for reef planes, the results are only a little less good, Far from
causing despair, this is extremely encouraging, for it means that we are on the
right path and we hope that successive refinements (e.g. replacing the Poisson
distribution with a Weibull distribution), of this mode! will lead ever closer to
useful predictive capabilities.
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s It is clear that the method of obtaining clusters is also going to have to be
refined, Visual identification, as done in this project, seems to offer little by
way of sophistication. As mentioned earlier, ISS International have tried space-
time clustering techniques (see Appendix D for an cutline of this strategy). The
new discipline of Fractal clustering will probably also have to be looked into.

One of the things that became evident during the course of this research, was that
the duration of the parameter window was of critical importance. The duration of
the prediction window by contrast, had essentially the effect of moving the entire
graph up or down without much change in shape and was therefore useful in
“centralizing" the curve. '

We will now attempt to give physical interpretations for the observed changes in
the Charts of Fig. (3.8) due to changes in the parameter window duration,

Chart A shows the result of too short a parameter window. A large number of
the events occur unexpectedly and the parameier windows are quite often
dominated by the large events within them,

8l
e2
hazard ‘l' l el, e2 unexpected events
dl, d2 width = parameter window duration

di d2

Figure 4.1 The effect of too short a parameter window
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By "unexpected event" we mean that the increase in the iwzrd is 2 consequence of
the occurrence of the large event and not the other way around, as we would
prefer.

Mathematically what happens is that when a large event enters this short window
(containing few events) it dominates all the other events in the window and the
hazard shoots sky-high, as at (a) e.g. in Fig. (4.1), The hazard more or less remains
at this level whilst the large event is within the parameter window and then
suddenly falls, as at (b) e.g., when the large event exits the parameter window.
This is why the duration [a, b} is equal to that of the parameter window.

Physically what is happening, is that the parameter window has a duration which is
less than the precursive time necessary to "see” an event with magnitude equal to
the given prediction level. That is why it comes upon these unexpectedly. A closer
examination of Chart A reveals a multitude of small fluctuations in the prebability
curve - tiie model is actually predicting small events commensurate with its
window duration.

I, on the other hand, the parameter window duration is too long, excessive
- smoothing takes place, (mathematically) and the model runs rough-shod over those
evenis having magnitude round about the prediction level, and is trying to locate
only the very large events (physically). In this case we can see "unwanted" events
in aress where the hazard is consistently low . The ideas presented in this
paragraph are depicted in Fig, (4.2) overleaf.

The important thing to realize, is that for a successfil hazard analysis, th«
parameter window duration must be matched to the prediction magnitude.
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N

Tons long a window - hazarsd for small event smoothed out Shorter window'« hazard comes into promienance

Figure 4.2 A matched window-magnitude pair (right) contrasted with too long
a parameter window (left)

Having matched parameter window durations to thres different prediction
magnitudes as shown ir Figures {3.21), (3.22) and (3.23) it was decided to see if
an empirical law could be found o fit the magnitude~duration data. Making use of
eatlier work for natural earthquakes (Tsubokawa, 1969 and 1973), the formula

log(7) = 0.932M; - 2.4
- was establisheéd, where

T = Precursive Time in Days, and
M, = Moment Magnitude

Whether 7 is identical to the energy build-up period commensurate to an event of
magnitude M; is not established; that there exists a significant correlation between
the two is probably beyond doubt.

Trying to abtain similar diagrams for magnitudes less than 15.50 and greater than
16.25 has its difficulties. In the former case, the diagram becomes very confused,
and in the latter one soon runs into computer capacity problems, e.g. the computer
used for this project could not cope with an array of more than about 5000
doubles.
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APPENDIX A

Magnitude

We have defined magnitude to mean log(M, +y E) where M, is the seismic
moment, E is the seismic energy, and ¥is a constant.

Detailed derivations of seismic moment and radiated energy are beyond the scopc
of this project. However, some idea of how they may be evaluated from their

seismograms is given,

We take it that we have stored on a computer, all samples corresponding to a
velocity seismogram. '

Seismic Energy

Figure Al One of the three components of a typical velociy seismogram
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We make the following simplifying assumptions:

s 'we consider the source to bea point.

» the rock-mass is considered both homogeneous at_:d perfectiy elastic.

«  both P and S waves radiate spherically with equal amplitude in all directions,

Assume the velocity seismogram was obtatned from a sensor situated a distance »
from the seismic source.

" Consider an infinitesimal shell of radius  centred about the source. As the wave-
train passes through this shell, it is set in motion. Let us assume that the P wave
arrival at the shell occurs at time 7, and that the S wave departs from the shell at
time T, . The speed of the shell at any time # is given by the corresponding
amplitude of the velocity seismogram v(f). The shell has, at any time #, an
infinitesimal energy dE(f), composed of kinetic energy dEz({f) and elastic potential
energy dEP(t).-

I%dE(t) =ItiE,(t) +?dEp(t) = zjj!dg;k(;)

since, for free elastic oscillations, the average kinetic energy equals the average
potential energy, and the above integration extends over more than one cycle of
the lowest frequency component. Now

dE,, (1) =2xr’pVv?(f)dt where Vadt is the thickness of the infinitesimal shell and p
is the density of'the rock, so that

5
E= 4xpr’vazdt
5
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Seismic Moment

Seismic moment is defined as being equal to ##A4 where u is the modulus of
rigidity, ¥ is the average slip and 4 is the area of the fault. (Aki and Richards,
1980 p49).

However, the above derinifion cannot be used directly to calculate the moment on
a computer because 4 and & are unknown. We therefore have to approach the
problem from a different direction, One way to do this is ic take the FFT of the
velocity seismogram, the code to implement this on a computer being given e.g. by
McGillem & Cooper, 1991, and then using the fact that the Fourier transform of
the integral of a function is (i27f)"! times the Fourier transform of the function, we
in effect land up with the Fourier transform of the displacement seismogram.

Recovering the underlying continuous function from the transformed data, and
then plotting the logarithm of the amplitude against the logarithm of the frequency
we end up with the displacement spectral density.

LOG (AMPLITUDE)

| P SPECTRAL PLATEAU
"

o T~ TN

10G (FREQUENCY)

Figure A2 Displacement spectral density of the seismogram shown in Fig. A1
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If we assume a far field approximation, we can obtain the height P, of the so-
called spectral plateau of the density, since it is just the vaiue of the function as the
frequency tends to zero; and since the function in this case is just the Fourier
transform of the displacement function u(?), say, we can write e.g.

P, = [u(r)exp(-imit)dt = [u(r)d, whereo is the circular frequency.
it =0 -

From Equationt (4.32) on page 81 of Aki and Richards, 1980 , we get with a litife

modification

1 1 AL 1 i 1 dME”
)= AT —r A" 2
u(t) dgpVy  r A&t AmpVi r

where we have ignored all but the far-field terms. Integrating both sides w.r.t 7
and substituting P, for the integral on the L.ELS.
AEP " AFS’ o

= M+ M
*“agpVir " dapVir°

where r is the source-receiver distance, p is the mass-density of the rock, ¥, and
¥ are the P-wave and S-wave velocities respectively, and 4% and A" are the far-
field P and S radiation patterns respectively.

The above equation is usually written in the more familiar and compact form

_AzpV’rR

M
o gzi

where ¥ stands for either P or 8 wave velocity ( = 5900 ms™ and 3400 ms”
respectively) and .§’;, represents either the P or S far-field radiation pattern and

has average value equal to approximately 0.39 for P waves and 0.57 for § waves.
P~ 2700 kgm™ .

Since all values are now known, M, can be determined.
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Magnitude

From a practical point of view, no single parameter seems o be adequate in
describing fully what one intuitively feels about the 'size’, of an earthquake. Qur
*gut-feeling” tells us that the size of a seismic event should take into account the
‘amount’ of displacement that took place and the 'violence' with which this
displacement happened.

The inadequacy of a single parameter arises from the fact that the two processes
described above are quite independent of one another; i.e, it is possible to have a
large amount of rock movement taking place very gradually on e.g. a 'soft' fault,
resulting in a large seismic moment and a small event energy. On the other hand, 2
small, but violent movement can take place on a 'stiff’ fault e.g. , and this will result
in a large amount of radiated energy, but small seismic moment.

To overcome this inadequacy, it seems natural to measure the size of an event as a
combination of moment and energy, and this is what has indeed been done it. our
case. It remaits only decide upon the weighting in this combination. In view of no
good argument to the contrary, we choose equal weighting and therefore write

y = .M, [Z E]_1 where the sums are taken over all representativé eventsin a
cluster,

It is an empirical result that in a large majority of cases, the logarithm of the
quantity Mo + yE is exponentially distribited over the minimg operation, Because
of our familiarity with this dist-jbution, and because it crops up fairly frequently in
our application, we have decided to adopt our definition of magnitude as being
equal to log(M, + ¥E).

For those more accustomed to momient magnitude M, , we derive a rough
relationship between it and our rather unconventional definition of magnitude x.
From Spottiswoode and McGarr (1975), we have

log M, = 17.7+ 1.2, where M, isin dync cm.
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Because of the way in which we have chosen 3, we can write
x = log(2M,)

Combining these two equations jeads to

x-11

M::
L 1.2

Table E1 Conversion from magnitude (x) to momest magnitude (M)

X M, ' x M,
12.00 0.83 14.75 3.13
12.25 1.04 15.00 3.33
12.50 1.25 15.25 3.54
12.75 1.46 | 15.50 3.75
13.00 1.67 15.75 3.96
13.25 1.88 16.00 4.17
13.50 2.08 16.25 438
13.75 2.29 16.50 4,58
14.00 2.50 16.75 4.79
14.25 2.71 { 17.00 5.00
14.50 2.92 17.25 5.21
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APPENDIX B

Sufficiency Conditions for Maxima

Let us write (8, C) = In L{f C) for convenience and consistency with
Chapter 2. ‘

We have already noted that in order for L(B, C) to have a maximum value
for g= ﬁ, C = , itis necessary that for these values {e.g. Woods, 1954).
SLBC) _, SLBO _

op ’ aC )
However, all we really have at this stage is that 3 and € are stationary values of

L’. We do not know whether these values maximize or minimize Z' or indeed if L
. has a maximum or minimum at afl.

To settle this matter , it is a sufficient condition for L' to have a maximum or a

.o eir (oY o
f - | = . .
minimum, i 2F oC [6,850) > 0 at the critical values (B.1)
2 2y
If Inequality (B.1) is true, and in addition ‘; ﬂL; <0 and % < O then I

hasa mhximum value at the critical values of the variables.

We can easily verify that the latter two conditions hold, remembering chat B >0
and C 2 1 on physical grounds, and of course (xj - %) = 0 , by hypothesis,
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aﬁ? ﬂ

L | __]n - RY: _W\P
20 é'“ {C.;'*'ﬁZ(xf %) [In(x, xn)]}<0

Tt remains only to show that the inequality (B.1) holds.

From the Schwarz inequality we have
> (-2 [inC ~x)] 2 [ (- 20) nGe-x)] ®2)

If b =1, then about 90% of all events reside in the magnitude interval x, to x;+1.
Thiv being the case, then 90% of the terms in the series

(5~ %) [In(e = 5)] +05 ~ %) [InCe, ~ )]+ + (2, = %,)° [nCx, ~ %)
have increased their value as compared to the series
(x -xo)’é [in(x, --:u:‘,)]2 +(x, -—xo)za [In¢x, --:-:‘,)]1l +oer(x, —x, ) [In(x, —xo)]z

since about 90% of the terms (%, —x,)° <1 This means that we can re-write
Inequality (B.2) as

302 s 5] 2 [X 05— 5) InGe~x,)] ®3)

In general, this argument is weak, since the 10% that decrease in value may
dominate the others. However, we now insist that (B.3) hold, deeming
inadmissible those data sets for which the inequality is violated. !

Because n >> 8, it follows that

(-5-’15) +%Z:(x,-xu)“ linGe~5)f > [X 65~ %) lnx—x)[
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it follows

oA

8,C

. . 2 ye 32
and since the right hand side of the inequality equals (;ﬁ ;‘C]

that inequality (B.1) holds.

Figure Bl Mesh of (the logarithm of) the likelihood function for typical values of
the parameters '

! It must be pointed out that this is hardly any restriction at all for the application at
hand and (B.3) will hold in the overwhelming majority of cases. In fact it is
difficult to see how it could be violated , for then b would have to be unrealistically
small.
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APPENUVIX C

The Poisson Process

The following is adapted from Cox and Lewis (1966).

Let us consider events occurring singly along a time axis and let 4 be a constant
which measures the meav 1te of occurrence of these events over a long period of
time. Further, let A(-) be the random variable which assigns to each time period
@2, t++h], the number of events which occurred in it.

Suppose that a.  »0;
) BING)=1=4h+ o)
ii) BNhz2]= o)

ity  and that the number of events in non-overiapping time intervals are
independent,

then ‘N{-) is said to have a Poisson distribution, and for any arbitrary interval of
Iength A4, it can be shown that

= {(AAD)'e*™

n!
Since the Poisson provess has no memory, the probability that no event occurs in
any time interval As after a time t has elapsed, i.e. in the interval (t, t+At) is, from
(C.1), simply F[N(Af)=0]=exp(—AAf) . This means that at least one event
occurring in this interval is given by

BIN(Af) = n=0,1,2, (C.1)

B[ N(Af) 21]= 1-exp(-1At)

We notice therefore, that times between seismic events are distributed
exponentially,
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APPENDIX D)

Space -Time Clustering

General description

The technique used here is a modified version of the single-fink cluster analysis
(SLC) used by Matsumura (1984), Frohlich and Davis (1990), and Davis and
Frohlich (1591).

Suppose the entire database contains N events. The procedure begins by linking
each event {0 its nearest neighbour. At this stage we have between N/2 and N-1
links. Now, each group thus formed, is linked to its nearest neighbouring group.
This process is repeated until there are N-1 links, at which stage the procedure
terminates. All links which are longer than some specified value are now removed.
If this resulted in the removal of k links, we world be left with k+1 clusters.

For the present application the above method of obtaining clusters is not practical
because it would be too time consuming. A piecemeal procedure (Kijko, et al.,
1993) has therefore been adopted, whereby a moving time window of some
specified length traverses the database. (This must not be confused with the
parameter or prediction windows mentioned earlier).

For each new event that comes irto the window, link lengths begin being
calculated between this most recent event and all the other events already in the
window. ‘As Soon as a link is found that is less than the maximum link length
aliowed, the two events are joined together, with the restriction that only one link
is allowed to form between two events which both belong to the same cluster.
Therefore, these events are not necessarily nearest neighbours.
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At some stage in the clustering process, an event from one cluster may link to an
event belonging to another cluster: the program will then merge the two clusters.
Occasionally, two clusters should have been linked together, but no events
occurred close enough to each other for a link to have been established. This
situation can arise e.g. from using a time window which is not long enough. This
problem is overcome by having the program periodically check the distance
between cluster centroids, and if they fall below some given distance, the program
merges the clusters together.

The choice of the window length is important, for if it is too short, * may on
occasion contain no events and this would effectively terminate the cluster, whilst
if it is too long, it could defeat the purpose of windowing in the first place, and
slow down the operation of the process unnecessarily A proper choice of window
length depends to a large extent on the average event rate for the mine in question.

Space-time metric

In a cluster of seismic events, we are looking for some sort of proximity of these
events to one another,

Intuitively, iwo concepts of proximity spring to mind: (i) events can be close
together in time, and (ii), events can be close together in space. Because we have
no compelling argument to choose one of these criteria over the other, we

endeavour to incorporate them both into our measure of distance. Following the
example of Frolich and Davie (1990), we write

d, =r+arf ®.1)

where d,, is our space-time inter-event distance, 7 is the spatial distance between
events and £ is the time between them.,

o is a constant having the units of veldcity.

There seems to be no compelling justification for using this so-called Pythagorean
form of our metric, save that we feel comfortable with such familiar expressions,
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It remains now to determine ¢. For want of a better suggestion, let us choose it so
that the spatial and temporal components contribute equally to 4,.. This means

N N
that Yr) =ay 1, must hold for all Nevents i, j in some sample deemed to
Li=1 =1

represent the average seismicity on the mine.
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APPENDIX K

Program Listings

This appendix lists the main programs used in the project. A. lot of programs which
simply manipulate the data e.g. change YYMMDDhhmm to YY MM DD hh
mm (where, as usual, YY stands for year and MM for month eic.), or those which
perform very simple tasks, are not shown. Programs which are adaptations of
other programs specifically written for this project are similarly not shown, while
some of the listed programs have been abbreviated. This is felt to be in keeping
with the fact that this is essentially not a programming project.

Comments have been progressively eliminated: this means that they are given the
first time that a new feature appears and are then eliminated when the feature
appears again in the same or later programs.

Programs E. 1 and E. 8 below, were not specifically written for this project and in
fact were written some two years before the commencement of this project. All
remaining programs were written specifically for this project, and al programs
were written by myself] albeit adapted from other sources in some instances,

An "off the shelf" graphics package has been used to produce the gruphs in this
project whenever the number of data points is less than 1000, which is a limiting
~ feature of the package.

List and brief action of Programs

goldseam.for - finds the equation of the reef planes.

Scatr_Xy.cpp - draws a scatter diagram of the events.

getelust.cpp - gets events within a cluster, :

blasts.cpp - histogram showing the effect of blasting on event rate.
bvals.cpp - used in obtaining the Gutenberg-Richter relationship,
getbevat.cpp - lists events bigger than some specified value.
evathazd.cpp - evaluates the hazard.

runtime.h - a header file for dynamic allocation of arrays,

ot o e
G0 3 O\ LA B W B
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Listing of program E.]1 (adapted from Angell & Griffith, 1989).

s ' +
program goldseam

¥t

+

#* Scheme for a set of variables
TR ERERF TR AL AAERERARTAERRNAT RSN

impliecit none

* Three Points
*®

double precielon r1(3), r2(3), r3(3)

* One Plane

T v e e e e et

double precision nl(3), kl

*

Indexing variable

integer i

*

Initializing the varlablas

do 10 i=1,3

nl{i)=0.0

rl{i}=0.0

r2{iy=0.0

r3({1}=0.0
10 continue

k1=0.0

* Getting data

*

print *,'Input the three points one after the other’
read(*,*} (rl(i), i=1,3},(x2(1), i=1,3),(x3(l), i=1,3)

* Calling the subroutine
®

FRA S ARSI AR SIS R AT

call plane(rl,r2,r3,nl, kl}

* Displaying output

SEASRYERET AN SR AN

write(*,20) (nl{i), i=1,3), k1
20 format(//,3x,*(',£12.0,',"',£12.0,",",£12.0,").v =',£16.0,//)

-80-



* Fnding the run
*

stop
end

HRERARARERNREE AR RTEN RN RERANRTENENRARRTANA AR AN R T ANk

subroutine plane(a,b,c,n,k) )
AR R E R R TN R AR R AR AT AR AR AR RN RNA TR T ks

Calculates the vector equation of the plane passing
through the three points (a(l),a(2},a({3}},
{b{1),b{2),b(3)) and {c(1),c{2),c(3}).

implicit none

¥ »

%

* Argument declarations
doukle precision a(3), b(3), c(3), n(3), k

* Tecal declarations
double precision dl(3), d2{3}

dl{ly=h{l1l)=-a(l)

dz2(1)=c{1)=b{l1)

dl{2)=bh{2)~a(2})

d2(2)=c{2)~b{2)

dl({3)=b{3)«a(3)

d2{3)=c{3)~h{3)

call vecprd{dl,d2,n)
ken(li*a(lyin{2}*a{2)4n(3)*a{3)
return

and

Ve Vo ok o o o e ke e sl e o U AR o e e o ok ok e o v o o ik o o o o s e ol o o o R o e o e R o e e R e e e e ok

subroutine vecprd(e,f,q}
************w****************************************************

* Calculates the vector product, (g(1),9(2).g(3)}
* = (e(l),e(2),e(3)} X (f(1),£(2),£(3)}.

implicit none

* pargument declarations
double precision e(3), £(3), g(3)

g{l)=e(2)*£(3)~e(3)*£(2)
g{2)=e(3)*£(1)-e(l)*£(3)
g{3)=e(l)*£(2)-e(2)*£{1)
return

end
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Listing of Pro E2

/* SCATR XY.CPP
x

*

Plote either the VCR or the CL . rents in plan and
draws in the appropriate boundry.

*

*/

#include <graphics.h>
#include <sztdio.h>
#include <stdlib.h>
#include <conio.h>
#inclvde <math.h>
#inelude <string.h>

int main{int argc, char **argv){
int gdrivex = VGA;

int gmode = VGAHI;

int errorcode, ¥Y, MM, DD, hh, mms
int 4, %, ¥+ X, ¥, XP1, ¥YPi;

float LocX, LocY, LocZ, Xmax, Xmin, ¥max, ¥min, Moment, Energy;
char buffer{40];

char maintitle(B803;

char xtitle{20];

char ytitle{20];

chay subtitle[B0];

FILE *fp;

*

* Apicas on the boundry for the VCR = (vx[i], vy{i])
*] _

float vx[1§] = {28000.0, 26412.C, 26480.0, 25275.0, 27000.0,
. 27863.0, 27838.0, 28375.0, 29220.0, 30287.0,
29438.0, 29925.0, 29300.0, 30250.0, 22000.0};

float vy[l5] = {-37575.0, -41025.0, -41325.0, -44750.0, -45350.0,
~-44019.0, =-44188.0, . '1388.0, -43950.0, -42343.0,

~41800.0, -41i085.0, - ©50.0, ~38825.0, -37575.0};

]*
* Apices on the boundry for the CL = (ex[i], cy[i])
*/

float cx{10] {27750.0, 26400.0, 26500.0, 25063.0, 26750.0,

27000.0, 28738.0, 29£13.0, 29788.0, 27750.0};

float oy[{10] {-37263.0, =-41075.0, =~41375.0, —-45425.0, -45900.0,

»45000.0, -45000,0, ~40000.0, -37268.0, =37263.0};

*,Checking Correct Usage
*®

if(arge != 7}{
printf("\nUsage: %s {FILENBME][xmax][Xmin][Ymax][Ymin][V/C}\n"
e ML
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x
* Getting command line arguments

*/
¥max = atof{argv[2]);
Xmin = atof{argvi3]};
¥max = atof(argvi4]};
Ymin = atof(argvi5]});
/*

* Opening the File for Reading and Reporting any Errors
x/

if{({fp = fopen{argv[l], "r")} == NULL){
printf({"\nCannot open fille.\n");
exit{0};}

*
* Going into Hi-Res VGA Mede and initializing font
*/

registerbgidriver {EGAVGA driver);
registerbgifont(sansserif font};
initgraph(&gdriver, &Ggmode, “");

*
* Check that Computer can Support Hi-Res VGA (l6-~Colour) Mode
*/ '

errorcode = graphresult();

if{errorcode 1= grok){

printf{"Graphlcs Function Errxor: %s\n", grapherrormsg(errorcode)};
printf("\nHit any Key to Stop\n");

getch{); :

exit(l};

}

]*
* Dyraw Quter Rectangle
*/

rectangle(0,0,639,479);

/*
* Yarious Titles

*/

if{istricmp{argv[6], "V"))
sgrintf(maiutitle,"SC&ETER PIAGCRAM FOR VCR EVENTS");
eige

eprint{{maintitle, "SCATTER DIAGRAM FOR CL EVENTS");
sprintf{subtitle,"Perlod: 01 Jan 52 ~ 10 Aug 93");
gprintf(xtitle, "¥Y~axis");

gprintf{ytitle,"X-Axis");

seteolor(l2);

settextstyle(DEFAULT FONT, HORIZ DIR, 2);
sattextjustify (CENTER_TEXT, CENTER TEXT)?
outteactxy (320, 40, maintitle); -
gatcolor(lil);

outtextwxy{320, 70, subtitle);
setcolor(l15);

gettextstyle{DEFAULT FONT, HORIZ DIR, 1);
outtextxy(320, 470, Rtitle); -
settertatyle{DEFAULT FONT, VERT DIR, 1);
outtextxy(10, 220, ytitle); -
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*
* Draw Inner Rectangle

x/

setcolor(2);
rectangle(60, 920, 620, 440);

*
* Set up axes with correct values automatically worked out

*/
seteolor{l15});

pettextstyle (PDEFAULT_PONT, HORIZ _DIR, 1);
settextjustify (RIGHT_TEXT, CENTER_TEXT);

pprintf{buffer, “%5.0£f", Xmin});
outtextxy{55,90, buffer);

aprintf(buffer, "%5.0£", 0.25*Xmax + 0.75*Xmin);
outtextxy {558, 178, buffer);

gprintf{buffer, "%5.0f", 0.5%*(X¥max + Xmin});
outtextxy (55, 265, buffar);

gprintf(buffer, "%5.0£f", 0.75%¥max + 0.25*Xmin);
outtextxy({55, 353, buffer);

sprintf{buffer, "$5.0£f", Xmax};
outtextxy (55, 440, buffer);

settextjustify{CENTER_TEXT, TOP_TEXT)}

eprintf(buffer, "%6.0f", Ymin):
outtextxy (610, 450, buffer);

sprintf (buffer, "%6.0£", 0.75%Ymin + 0.25%¥max);
outtextxy (480, 450, buffer);

sprintf{buffer, *%6.0f", 0.5%(¥min + ¥max)):
outtextxy (340, 450, buffer);

sprintf (buffer, "%6.0f", 0.25*Ymin + O0,.75%¥Ymax);
ocuttextxy (200, 450, buffer);

aprintf (buffer, "%6.0f", Ymax);
outtextxy {60, 450, buffer);

*

* Read the x, y, and z locations of eventa from the file
*/

while{fzcanf{fp,"td %d %d 3d %d %f %f %f Re %e",
&YY¥, &MM, &DD, &hh, &uwm, &LocX, &LocY¥, &Locl, &Moment, EEnergy) I=
EOF) {

»*

* Sslect only those evenkte within the chosen area and make
*,aure that they all fit into the work-space

*

if (!stricmp{argvi6}, "V")}{

if(LocX >= Xmin && LooX <= Xmax &&% LocY >= Ymin && LocY <= Ymax
&& LoeZ >= 500.0 && Lock <= 0.34657*LocX - 0.14175*LocY -
12943.5}{

x = (int) (60.0 + 560.0%(({¥Ymax - LocY)/(¥Ymax -~ ¥min)));

y = (int) (90.0 + 350.0#((LocX = Xmin)/(Xmax - Zmin)})};
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gﬂtpix91{x: Y 14);
}

else o

if {LocX »= Xmin && LocX <~ Xmax && LocY »>= ¥min &5 LooY <= Ymax
&& LocZ > 0.34657*LocX -~ 0,14175%LocY « 12943.5 && T,ocZ < 0.3878
*LocX - 0.0353*LocY = 8665.5){

x = (int} (60.0 + 560.0*((¥max = LocY}/(¥max - ¥min))}):

y = (int} (90.0 + 350.0%((LocX - Xmin)/({Xmax - Xmin))};
€utpixel(x. ¥r 14);

}

]

* Draw in the appropriate bhoundry
*/

setlinestyle (SOLID LINE, Ox¥FFF, THICK WIDTH);

gatcolor(4);

L£({lstxicmpl{argv[6], "V"))}{

for{i=0;i<14;i++){

L = (int) (60.0 + 560.0*%(({¥max ~ vy{i]}/(¥max - ¥min}});
XP1 = (int) (60.0 + 560.0%{({¥max = vy[i+L1)}/(¥max = ¥min}}};
¥ = {int) (90.0 + 350.0%({{vxfi]) - ¥min)/(Xmax - Xamin)));
YP1 = (int} (90.0 + 350.0*%{(vx[i+l] - Xmin)/(Xmax = Xmin)}j;
line{X, ¥, XPl, ¥P1);

}

}

else

for(i=0:i<g i++){

% = (int} (60.0 + 5B0.0%{(¥Ymax — cy[l])/(¥max = ¥min)});
XPl = (int) (60.0 + 560.0%((Ymax - cy[i+l}}/(Ymax - Ymin)))}
Y = (int) (90.0 + 350.0%{(ox{i] =~ Xmin)/(Xmax - Xmin)));

YP1 = (int) (90.0 + 350.0%({cxfi+l] -~ Xmin)/(Xmax — Xmin))}s
line{X, ¥, XP1, YPl);

}

*

*,Hit any Key to Return Screen to Text Mode
*

getch();

closegraph();
return 0;

/* Note: The outpuk of this - and pimilar - programs have besn

% altered alightly to conform as far as posaible to
* Rule 5.4 in the "Guide for the preperation of Theses,
:f Dissertations and Project Reportas".
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Listing of Program E.3
The ideas used in this program are to be found in Angell and Griffith (1989).

GETCLUST.CFP

This program scanns through the data and decides which events
are inside and which are outside a given Polygon which in this
case delineates the chosen cluster. The chosen events ure
written to a file. Tha user must specify if the VCR or CL i=s
being processed.

Return value for function ineide({float,float,float*,float*,int)

0 if the point is on the odge or inamide thas polygon
Some positive integer otherwise.

Ok ¥ ¥ ok % % NN FE AR

/

#include <stdio.h>
#Finclude <stdlib.h>
#include <string.h>
#include <math.h>
#include "runtime.h”

int inside{float ix, float iy, float *px, float *py, int size);
void main(int arge, char **argv){ '
FILE #pl, *po;

float YY, MM, DD, hh, mm, LocX, LocY, LocZ,
Moment, Energy, *Px, *Py;

int i, N;

if(arge 1= 4){

printf("\nUsage:ss [Input File][Output File](V or Ci\n", argv(0]};
exit{0};

}

LE((pl = fopen{argv[l], "r")} == NULL}{
printf("\nCannot open file %s\n", argv{Ll]):
axit{0);

}

if{(po = fopen(argv[2], "w"})} == NULL){
printf({*\nCannot create file %s\n", argv([2}):
exit(0);

H

printf("\nHow many apices in the CLOSED polygon eg triangle = 4");
geanf ("sd”, &N);

DIM1({Px, N, float);
DIM1(Py, N, float); /% see runtime.h for details %/

printf{"\nBnter x and y valums of each of the %d apices\n", N);
printf("\none after the other in order without punctuation\n");
for{i=0;i<;i++)

scanf{"sf %£f", EPx{i}, &Py[il);
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while (fscanf(pi,"sf %f Sf 3 °f 3f %f f %e %e", &YY, &MM, &DD,
&hh, &mm, &LocX, &LocY, &LocZ, &Moment, KEnergy} != EOF){
if(istricmp{argv{3], "v")}{

if({linsida{locX,; LocY, Px, Py, N) &&

LogZ > 500.0 && LocZ <= 0.34657*LocX ~ 0.14175*LocY - 12943.5)
fprintf({po,"s2.0f $2.0f %2.0f %2.0f %32.0f %7.0f 37.0f %6.0f %e
e\nll .

¥Y, MM, DB, hh, mm, LocX, Loc¥, LocZ, Homent, Energy);

¥

elge if{!inside{LocX, Loc¥, Px, Py, N) &&

LocZ > 0.34657%LocX ~ 0.14175*LocY - 12943.5 && LocZ < 0.3878%Lock
= 0.0353*LocY - B665.5)

forintf({po,"%2.0f $2.0f %2.0f %2.0f 32.0f $7.0f %7.0f %6.0f %e
se\n",

YY, MM, DD, hh, mm, LocX, LQGY[ LOCZ; MmEnt; Energy);

zclose(pi];
fcluse(pc}:

int inside(float ix, float iy, float *px, float *py, int size){
int 4L, k = 0;

for(i=0; i<size-1; it+) .
ifilpx[i+1l‘93{i])*(iY“PTfi])'(PY{1+1]'PY{11)*(ix“Px[l]) < 0)

return{k);
}

*

Listing of Program E 4
/* BLASTS.CPP
*

* This program finde the number of events per day averaged over
* tho entirve catalog, in each of the 24 hourly intervals in a

* day.

*/ ¥

#Finclude <stdio.h>
#Finciude <gtdlib.h>
#inelude <string.h>
finvlude <math.h>

voi<, main{int argo, char *argv[)){
FILE *InFile;

double Homent, Enexrgy, Xcoj i
float LocX, LocY, LocZjy

for (i=0si<24;i++) A[i] = O;

if{arge 1= 3){

printf("\nﬂsaga: iInput File][Cutoff Magnitude]\n");
exit (0);
}

i£{{InFile = fopan(argv[l] Hphy) == NULL}{
printf("\nlannot open file %s\n*, argv(l]);
exit(0);

}

Xeo = atof{argv[2]);
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while (fscanf{InFile,"%d %d %d %d %d %f %f %f %le 3le", _

&YY, SMM, &DD, &hh, &mm, &LocX, &LocY¥, &LocZ, &Moment, &Enevqgy) l=
EOF) {

if({loglo{Moment + 36265.6%Energy) »= Xco){

if(hh >= 0 && hh < 1) A[D] += 1}

if{hh >= 1 && hh < 2} All] += 1;

if(hh »= 2 && hh < 3) A[2] += 1;

if{hh >= 23 && hh < 24) A[23] += 1;
}

}

for(i=0;i<24;i++)

printf{"sd:30 $8.3f\n", i, ((float}A[i))/587.5);
fclosa({InFila);

}

Listing of Program E.5 - !

o

LR B I IR 2B 2% BN 4

BVALS.CPP - ﬁ
This program groups Magnitude into 0.25 clase intervals. :

It then takes the log of the cumulative freguency in each
interval and prints out a magnitude-frequency table that can be
used to draw the Gutenberg-Richter cirve.

/ | | i

#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <math.h>

vold main{int arge, char *argvi]){

PILE *InFlle;

double A[72]}, B[73};

float Minutes, Magnitude, LMoment, LEnergy;
int i, 3j;

for(i=0;i<72;1++){ I
A[i] = 0.0;
B[i) = 0.0;

B[72] = 0.0; ;

if(arge = 2){

printf("\nUsage: [Input File]\n"); ‘ :
exit(0); :
} ;

if{{Infile = fopen{argv{l], "x")) == NULL){
printf(“\nCannot open file %e\n", argv[l]);
oxit (0);

}

while (fescanf{InFile,"sf %f %f %£-,
&Minutes, &Magnitude, &LMoment, &LEnergy) != BOF){
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if{Magnitude »= 7.00 && Magnitude < 7.25) A[0) += 1.0
$f(Magnitude >= 7.25 && Magnitude < 7.50} A[1] += 1.0

- v

L] - L] - L] - - L] L] - -

if{Magnitude >= 24.75 && Magnitude < 25.00) A[71] += 1.0;

for{in7l;i>=0pi~~})} B[i) = A[i] + B[i+l);
i =0

while(B{i] > 0.0}{
B{i] = loglO{B[i])}:
1++;

}
for{j=0;] <= 1;j++)
printf("2B8.3f %9.41f\n", 7.125 + (float)J*0.25, B[j}):

fclosa(InFile);
}

Listing of Program E.6
J}* GETBEVNT.CPP
The purpose is to find the BIG EVENTS having Mag above X.

This program acts on the data and evaluates the date to the
nearest day (starting 52 minutes after midnight on January 1,
1952) and also combines Moment and Energy into Magnitude, using
the value of gamma obtained from GAMAMET.EXE.

/

#include <atdio.h>
#include <etdlib.h>
#include <string.h>
#include <math.h>

* F & ¥ ¥ % % o ¥

void main{int arge, char *argv[]}{
FILE *InFile, *OutPFlle;

float YY, MM, DD, hh, mm, m, Days, LocX, LocY, LocZ;
double Moment, Energy, ¢, X, Magnitude;

m = 0.0; Magnitude = 0.0;

if{argc = B){

printf("\nUsage: [Input File] [Out File]) [gammal[X]\n");
exlt(0});

}

g = atof{argv[3]};
X = atof{argv[4]):

if{(InFile = fopen{argv([l], "r")} == NULL){
printf(*\nCannot open file %e\n", avgv(l});
exit{0);

}

i£{(OutFile = fopen{argv[2], "w")) == NULL){
printf{"\nCannot create file %s\n", argv[2]);
exit(0);

}
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while (£scanf(InFile,”%f £ %f 1f 2f %f %f 3f %le 3%le",
&YY, EMM, &DD, &hh, &mm, &LoeX, &Loc¥, &LocZ, &Moment, &Energy) =
EOF) {

1E{YY == 92){

If(MM == 1) m = 0.0;
1f{MM == 2) m = 31.0;
if(MM w= 12) m = 335.0;
}
LE(YY == 83){
if(MM == 1) m = 366.0;
LEf{MM == 2} m = 397.0;
LE(MM == 8) m = 5%73.0;
}
Lif(hh < 12:0) Days = m + (DD-1.0);
else Days =m + DD;

Magrnitude = loglO{Moment + g*Energy);

if (Magnitude >= X) ]
fprintf(oOut¥ile,"$8.0f %8,41f\n", Dayas, Magnitude):
)

fclose(InFile);
folose{OutPile);
}

Listing of Program E.7
/* EVALHAZD.CPP

* A program to find the value of the Hazard (H) using a modified
* false peosition algorithm {Makamura 1993) to find the value of

* - '

* The valueg of H are written to a user specified file and can be

*/plottad ugsing a commercial graphice package.
*

#inciude «etdio.h>

#include <gtdlib,h>

#include <math.h>

#include "runtime.h"

double f{double g, int n, double *P);

double BV{double cee, int numb, double *Mag};

vaid main(int arge, char *argv[])}{
FILE *In¥File, *CutFile; '

double **HAZ, *X, Magnitude, 4D, dN, ar, Lower, Upper,
dParmwind, xm, Ya, ¥b, Ye¢, a, b, e, CC, Cutoff;

float Minutaes, j;
int h, i, D, N, kX, KR, XL, IL, %, NPW, Parmwind;

1f{arge = 3){

printf("\n%s>[In File][Out Fil " 0]1);
rati 1L ej\a", argv[0])
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printf("\nCutoff Magnitude (= Xo =~ 0.125):\n"); f* Uteu (1971} */
scanf("s1f", &Cutoff);

printf(“\nMaximum Number of Iterations:\n");

gcanf ("3d", &IL);

printf{"® \nConvergence Criteria:\n");

scanf ("%1f", &CC};

printf{"\nlower Interval Limit:\n");

scanf ("slf", ELower);

printf({"\niUpper Interval Limit\n");

geanf("s1f", &Upper);

printf(" \nMaximum Number of Events in Parameter Window\n");
scanf ("%4%, &GNPW);

printf{"\nPrediction Time in Daya:\n"});

scanf ("3d", &D);

printf(® \nPrediction Magnitude Im:\n");

scanf ("$1£", &xm);

printf{"\nDuration of Parameter Window - in Days\n");
scanf("%d", &Parmwind),

if{(OutPile = fopen{argv[2], "w")} == NULL}{
printf{"\nCannot create file %s\n", argv[2});
exit(0);

DIK1(X, NPW, double);
DIM2 (HAZ, (588 - Parmwind), 4, double);

for{i=0;i<({588 — Parmwind);i++) for{h=0;h<d;h++} HAZ[i][k] = 0.0D;

for(i=0;i<(588 — Parmwind);i++){

N-O,
EL = 0;
K& = 0;

a = Lower;

¢ = Upper

b = Upper;

for{h=0;h<NPW;h++} X[h] = 1.0;

if{(InPile = fopen{argv[l], "r")) == NULL}{
printf{"\nCannot open file %s\n", argv([l]);
exit(0);

}

j = {float) i;

while(fscanf (InFile, "sf t1£f", &Minutes, EMagnitude) != EQF)
if(Minutes >= 3*1440.0 &% Minutes < (j*1440.0 +

1440.0% (float)Parmwind) ) {

X{N] = Magnitude - cutoff;

++N;

}

Ya = £{a, N, X}; ¥Yc = £(c, N, X);

Lf(Ya*¥c »= 0.0){

printf("\nNo rcoot, or else even number of roots, in [a, cl\n");
exit{0);

¥
k= 0;

while(++k < IL && c-a > CC){
b = a-Ya*{c-a)/{Yc-¥Ya);

¥b = £{(b, N, X};

if(¥a*Yb < 0.0){

¢ = pb; ¥o = ¥h;

KR = 07 KL = XL+1;

if(EL > 1) Ya = 0,5%Ya;

H
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dParmwind = (double) Parmwind;
dN = (double) N;

dD = (double} D;

ar = dN*dD/dParmwindg;

HAZ[1){0] = b;
HAZ{i][1]) = BV{(b, N, X);

HAZ{1]1[2] = 1.0 - exp{=—ar*exp(~HAZ[1i][1l]*pow({xm—Cutoff), b)}};
HAZ{i][3] = (double) N;

fclose(InFile);

}

for(i=0;i< (588 ~ Parmwind)ji++)
fprintf{OutFile, "4%9.51f %9.51f 39.51f 38.01f\n",

HAZ{1])[0), HAZ[i}[1), BAZ[i}[2]), HAZ{i](3]);
}

double f{double g, int n, double *p}{
int i;

double R, 81, 82, 83, m;

R=0,0; 81 = 0.0; 82 = ¢.0; 83 = 0,07
m = {doubla) n;

for(i=0;i<n;it+){

81 += log{P[i]);

82 += pow(P[i], q);

B3 += pow(P[i], g)*log(P[i}])};

} . .

R = {1.0/q) + (81/m) - (83/82);
return (R);

}

double BV{double cee, int numb, double *Mag}{
int i;

double beta, Swmn, m;

m = {double) numb;

Sum = 0.0}

for(i=0;i<numb}it++) Sum += pow{Mag[i], cea);
bata = m/Sum;

return (beta);

}

E.8 : Listing of runtime.h header file (see Anderson and Anderson 1989)

,******************t*********************************************!

* *
/* Included Macros | DIM1{pdata, col, type} */
/¥ DIM2(prow, row, col, type} %/
5* DIM3{porid, grid, row, col, type) ®/

* . *

f*************************************ﬂ*#************************/

#dafine DIN.({pdiata, col, typa){\
pdata = (type *) calloc((ccl), sizecf(type)):\
ifipg;%au=ﬂh(typa LA NgLL){\
n "No heap B dat "
g%it(O);\ p Bpace for a\n");\
1A}
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#define DIM2(prow, row, col, type){\

reglater type *pdataz\

int h;\

pdatz = (type *)} callec(({row)*({col), sizeof{type}):\
if(pdata == (type *) NULL){\

printf(“No heap space for data\n"):\

exit(0);\

N

prow = (type **) calloc((row), sizeof(type *));\
if{prow == (type *¥) NULL){\

printf("No heap spave for row polnters\a®);\
exit(0);\

}

for{h=0;h<(row) ;h++) {\
prow[h] = pdata;\
p?ata += {col}:\

}

}

#define DIM3(pgrid, grid, row, cvol, type){\

ragister type **prow;\

registar itype *pdata;\

int h;\

pdata = (type *) calloc({grid)*{row)*{col), sizeoftype;\
ifpdata == type *) NULL){\

printf {"No heap apace fcr data\n"});\

e:\:ittom

}

prow = (type **) calloc{{grid)*{row}, sizeof({typa*));\
if (prow == (type **)} NULL}{\

printf("No heap space for row pointexrs\n”);\

exit(0);\

}

pgrid = (type ***) calloe{i{grid), slzeof{type**))i\
if({pgrid == {(type *%*) NULL){\

printf("No heap space for grid pointers\n");:\
exit(0);\

%ar(h=05h<(grid)*(ruw);h++){\
prow[h] = pdataj;\
pgata += (col)z\

}

for (h=07h<{grid) ;h++) {\
pgrid(h] = prow;\

prow += (row);\

i\
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APPENDIX F

Fragment of the Data

In appendix E, several listings referred to “input files" with the format
YY MM DD hh mm LocX LocY LocZ Moment Energy

where YY, MM, DD, hh, mm, stands for the year, month, day, hour and minute
of occurrence of an event and LocX, LocY, LocZ are the x, y and =z
coordinates of the hypocentre of the event. The remaining entries are self
explanatory.

It must be emphasised that the above format - which contains all the information

required for this project - is, nevertheless, a severely abridged version of the
ordinary output of the ISS system.

For the benefit of readers unfamiliar with the "feel” of mining induced seismic data,

the following fragment is offered.

Table F1 A fragment of mining-induced seismic data

¥YY MM DD hh mm LocX LocY¥ Loc2 Moment (Nm) Energy {(J)

92 7 8 0 58 28539 -43566 3543 1.700000e+1C 1.490000e+05
92 7 8 1 0 26536 =45802 2848 4.560000e+11 7.030000e+06
22 7 8 2 44 27113 -43572 23043 1.%70000etll 1.930000e+07
92 7 8 3 12 28836 -41487 3235 2.690000e+1l1 1.100000e+07
92 7 8 3 14 28810 -41527 3269 7.490000e+l0 8.510000e+05
22 7 8 4 46 28618 ~42939 2091 6.400000e+09 7.150000e+04
92 7 8 5 17 28924 -32857 3107 2.120000e+12 2.930000e+09
92 7 8 8 37 28787 -42041 239¢ 9.170000e+0% 7.180000e+04
92 7 8 & 11 26334 -45667 2633 2,630000e+11 2.300000e+06
52 7 8 6 49 30344 -37766 2320 5.160000e+10 1.390000e+05
92 7 8 6 59 32010 -35093 33%0 4.480000e+ll 5.770000e+0Q7
92 7 8 7 13 29224 39728 3412 1.090000e+10 8.250000e+04
92 7 B8 7 32 28102 -42477 2318 2.440000e+12 9.480¢00e+07
92 7 8 7 37 27802 41274 3075 B.510000e+l0 7.8670000e+06
92 7 8 8 41 28702 =39153 1982 1.250000e+l2 1.250000e+07
92 7 8 9 29 31531 -33666 2388 1.410000e+12 7.370000e+07
92 7 810 33 29336 -39698 3309 2.170000e+1l2 2.020000e+08
92 7 8 10 34 29248 =39776 3450 6.170000e+09 1.200000e+05
92 7 B 11 48 28896 -~-38667 3162 1.5600008+10 5.620000e+04
92 7 813 18 27872 ~-40855 1984 4.440000e+10 5.380000e+05
92 7 813 38 28096 =42539 2408 2.350000e+10 7.350000e+05
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APPENDIX G

Correlation between Seismicity in Adjacent Areas

Because of the importimce of this topic in the current project, a summary of an ISS
Report (Kijko, 1993) dealing specifically with this matter has been included as a
separate appendix and not simply quoted in the refrences.

Table G1 X, Y coordinates of 4 analyzed clusters of seismic events.

CLUSTER # Xin (km)  Xgax (k) Yipin (km) Yy (km)
1 1.9 8.6 ~43 -3.6
2 73 7.7 -48 -4.3
3 7.0 i -42 -3.7
4 8.3 8.7 -34 . -28

Table G2 Maximum cross-correlation coefficients,

Activity Rate Correlation
E
n I 2 3 4
¢
11+ - (082 (089 [0.77
g_;’z 0.79 | - | 087 |0.64
r
z ;s 0911088 | - 1075
t
514 10.79 10.69 10.77 -

-~05.
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