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19. Abstract

This report covers work completed by the Center for Seismic Studies research
staff on high frequency seismology between 1 October 1988 and 1 October 1989.
The focus of the research is on the detection, location, and identification of seismic
events using high frequency seismic data. Data for these studies come primarily
from the NORESS small aperture array in Norway and its high frequency (up to 125
Hz) central element, and the high-frequency stations installed by the Natural
Resources Defense Council (NRDC) close to the Eastern Kazakhstan test sites in the
Soviet Union.

The first section is an examination of the NORESS data to be used in this pro-
ject. Mining is found to be a major source of seismic signal in Fennoscandia with
large concentrations of activity on the Kola Peninsula, Southern Norway, and Central
Sweden. There is evidence that the shooting practices (tonnage, charge distribution
in time and space, etc.) at the Kola Peninsula mines are different than those at the
Scandinavian mines. Detection thresholds and location errors for events at regional
distances to NORESS based on two and one-half years of data are also given.

Spectral characteristics of the high frequen.y noise recorded at both NORESS
and the KKL station of the NRDC network are <iscussed in section two. The decay
of the power spectra with frequency do not foliow a simple power law and spectral
peaks, possibly generated by non-linear mechanical and electrical processes of the
instruments and their recording systems, impose limits on the detection of weak
signals.

In section three, a method is developed for estimating the rolloff and scaling
parameter for corner frequency-seismic moment from spectral ratios of a suite of
events from the same location and with the same source function. -

Section four contains studies of the characterization of earthquakes and mine
blasts. Intér-event correlation of mine blasts is shown to constrain the relative
locations of events to very small distances (100m at 15 Hz). The effect of scatter in
the delays of ripple fired quarry blasts are examined theoretically and illustrate
that a 20% scatter can significantly attenuate the secondary harmonics of the spec-
trum and reduce the signal-to-noisg ratio of the primary peak. A characterization of
regional events recorded at NORESS and the NRDC stations using spectrograms
shows that, while some mines exhibit classic spectral scalloping due to ripple firing,
many do not. Low signal-to-noise ratios and small bandwidth due to high-frequency
attenuation at regional distances (beyond 1000 km) limit the effectiveness of this
method.

The final section is a short note on the instrument responses of the NRDC sta-
tions and the Special Data Collection System used to monitor the Nevada test site.
Because the response of the two systems are similar in the teleseismic frequency
band (1 to 3 Hz), magnitudes obtained from the two different systems can be com-
pared in a gross sense.

ii




TABLE OF CONTENTS

................................................................................................................................... 1-1
2.1 Spectral Characteristics of High-Frequency Seismic Noise at

NORESS @NS KKL rcnnirnisieninisstisnnessessnssssssssssssssssssssssssasssssssssons 2-1
3.1 Estimating Spectral Scaling of Source SpPectra ... 3-1
4.1 Waveform Correlation of Closely Spaced Regional Events “l
4.2 Effect of Scatter in Delays of Ripple-Firing .., 4-33
4.3 Characterization of Regional Events Recorded at NORESS

and the NRDC STAtiONS ...ccrmenennncisssnnsssssisssissssssssssssessssssansssssssssnnns 4-43
5.1 Comparison of SDCS and NRDC Instrument Characteristics iy

Actession For
NTIS GRAAL E}f

DTIC TAB a
Unannounced 0
Justification o __l
By

Distribution/
Avallability Codes

Avail sadjor
Dist Special

ML




LIST OF FIGURES

Figure Page

1.1

1.2

1.3

1.4

1.5

1.6
1.7
1.8

1.9

1.10

1.13

1.14

2.1

2.2

Seismic events in the NORESS Bulletin from Jan 1, 1986 - June
30, 1988, oeeitiieeisierterensseesisestosesssstorsansessasstestesssaesssnsossantertebeasasssasensnssnsones 1-4

Perspective plots showing the number of events (5946) as a
function of geographical location out to 1500 km from the

NORESS BITAY. eirvrinneeninenieniennneieerisessssessisassessassossosssssessssssassnossesssnsssasaenes 1-5
Cumulative distribution of epicentral distance for all events
reported by NORESS (in all 5946). ..cnrnerenennnnennsnessssesesssssssesens 1-6

A histogram of the frequency distribution of the magnitudes,
ML, for all events reported by NORESS. Empirical cumulative
distribution fuNCtioN OF ML, ..ccniensssesassessassessasassssssssens 1-7

The empirical cumulative distribution functions of the
epicentral distance for events with ML < 2.0 and with ML > 2.0

TESPECUIVELY. ettt esss e sessssesesebesserssssssssaosssssassessasssseness 1-8
Number of events as a function of hour during the week. ............. 1-10
Map of event regions near NORESS. cnnenesesnessesssssssssssssns 1-11

Empirical cumulative distribution functions of event
magnitudes, ML for events in the five regions shown in Figure

7\ ettt et R b s AR SRR AR SR SRS RO R AR R SR U RS RSB SRRSO b e RS R R ss RO RO R sbet 1-12
Number of events as a function of hour during the week for
each of the five regions SEPArately. .o 1-14

Curves representing 50% ML detection thresholds for Pn and
Lg at NORESS according to analytical expressions by Sereno

ANd Bratt (1988). ..cccccrriverernesnninnnsisrinssssssessnsssisssosssssssssssssssesssssssssssasoses 1-15
Event magnitudes as a function of epicentral distance for all
events beyond 400 Km from NORESS. .ierniceensnerssensssssssesessens 1-17

Number of events with magnitude ML > 2.0 and ML > 3.0 as a
function of geographical location in relation to NORESS out to
L1500 KIML ettt vense s s st sesesesessasessssssasssasesssesessassassassassss 1-19

Cumulative distribution function of error in backazimuth for
NORESS events that were also reported by local networks in
Western Norway (BER) and Finland (HEL). .veieennernreensseseresnsenanns 1-20

Cumulative distribution function of error in distance for
NORESS events common with events reported by local

networks in Western Norway (BER) and Finland (HEL). .vvreerennnn. . 1-22
Amplitude response curves of the instruments at KKL and
NORESS. e rtrrevvrenrsrsnssssessesssssssssssssssssssssssssssnens SR teresrrineennraes 2-3
System noise reported in the literature for the NORESS and
NRDC AtA. ceveeervrieririereeeestsieesessseesssssssssssssssesssesnsessessnsersssssasssssssessasssssssn 2-4

iv




-

2.3

24

2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

3.1

3.2

3.3

3.4

4.1.2

4.1.3
4.14

Relative noise power iu narrow frequency bands as a function
of time for noise segments at NORESS and KKL. .erncenincnnnsininens 2-6

Average power spectral density functions of the vertical
component data from KKL and NORESS. ... oo 2-8

Noise-to-noise ratio defined as ambient noise plus system
noise divided by system noise for the vertical component data

FEOM KKL. s sssesssssassesssansassaresssssssssssessssssssessssssanssnsssssnssesesasens 2-10
The ratio of the power spectra of the GS-13 and S-750 vertical
component data recorded at KKL. ..o 2-11
Power spectra from GS-13 data at NORESS and KKL divided by
the NORSAR NOISE MOUEL vcviriceriirneineerenniaiissenninesessssssssssesssssssssssesens 2-13
Ratios of the horizontal-to-vertical component power spectra
from data recorded at NORESS. . nnnnenssinnsesessssrsssssessessessarens 2-14
Ratios of the horizontal-to-vertical component power spectra
from GS-13 data recorded at KKL. .nmeeccniinnnnseesssassiesessonees 2-16
The power spectra of horizontal and vertical data from the $-
750 IinStruments at KKL. iecencnennnesssssisssesesssnnasssserssesssnnss 2 17

The average power spectrum of the $-750 vertical component
QAtA AL KKL.  crrireiereninininessesseseeseessennasesssarsassssssnssnssssssssessssessssassesssssnes 2-18

Average power spectra of all components at KKL and NORESS
displayed in the frequency band from 4 to S5 Hz for

comparison of frequencies of spectral peaks. ... 2-19
Spectral ratios for five events with rolloff 2 and scaling factor
S J OO OO OO PO 3-4
Spectral ratios for five events with rolloff 2 and scaling factor
B, oeeererseseeaesee et bbb aes et R b saRe b b e bR b va RS R SR e e RR s bRt bR s et et e Re b T b b bn e 3-5
Spectral ratios for five events with rolloff 3 and scaling factor
B et be et s b e et bR enE s e e s e RS e a S Ra R R SR e R e ar RSO b banan e RO R e AES Feeensrnesrenrenen: 36
Spectral ratios for five events with rolloff 3 and scaling factor
Q. et saeniieens rebeaesaeesetae b e s s e s s s ppnee st se bR s bE S ansas b barneentbrrenbrarasane 3-7

Perspective plot of density of events studied and a map of the
paths to NORESS from the epicenters. ... 4-6

A histogram of the number of events as a function of
magnitude and a plot of magnitude as a function of cumulative

distribution. ...ccveserener HeeerEriecessts et ebete s aere e s st e eR et e s A e a b e e e R e b e bnn s 47

Examples of waveforms for the events analyzed, ...cvvevevreevennne 4-9

Signal-to-noise ratio at the peak frequency plotted against the

peak frequency for Pand S Waves. ..o 4-19
v




4,15 Estimated probability density functions for the peak
frequencies for P radial and vertical components and the S
radial, transverse, and vertical COMPONENTS. .vvvereerinreresssesnsaersns -

4,1.6 Examples of using the cross-correlation algorithm on three
component data for events with high and low correlation. ............

4.1.7 Graphical representation of the matrix of event correlations for
ALl 137 @VENTS.  cvireirereneninessnnnissinisssenesssssssssesssesessssssssasssssssassessassensaens vereaene

4,1.8 Standard deviations of the difference in azimuths to epicenters
of event pairs located by NORESS plotted against correlation
value. .ccenennienes rereeresbetsrestsasasbetebasne s saesaebaeraabaraeabaese .

4.1.9 A histogram of the number of events as a function of
correlation with any other eVent. .. verevenne

4.1.10 Dendogram or cluster tree structure as a result of hierarchical
clustering with the single link method. .cnnnneinicreserennen

4.1.11 Filtered vertical component records of the high frequency
clement at NORESS (Sit@ NRAD). veveerennniennerenssnnnnsessssessssssesssesssssssses

4.1.12 Epicenters of events in large group and confidence region of
their epicenter on the assumption that they all have the same
EPICEINIET.  roiiriererierreniesnenne cstenesessessssssnesesesnensosessnsssssessesassessssesnsssessasssssanensaseses

4.1.13 Correlation as a function of source separation. ...

4.1.14 Relative location of events in large event group as obtained in
an experiment that illustrates the triangulation method. ...

4.1.15 Correlations in different pass bands as a function of center
frequency for P and S wave data WindOWS. ..vinsnessnnnessssonsnns

4.2.1 The ratio of the average power spectrum of the modulation
function obtained from the analytical expression derived in the
text and from 1500 SIMUIATIONS .uvrveereecvnineeessressssssessssessssssssesesssens

4.2.2 The amplitude spectrum of the modulation function for 5
shots at 100 ms delay with and without scatter in the delay
LIITICS.  tervivieeniecsiorreceissseessaernionesressnsssrorassasessssssessnsssassnsessasssensasssessnesssesenssnssossasnas

4.2.3 The amplitude spectrum of the modulation ‘unction for one
simulated ripple firing with 5 shots with 100 ms delay times
and 10% scatter in the delay tiMes. eecinenesneneresssessssonesessnse

4.24 The amplitude spectrum of the modulation function for a
ripple firing consisting of 30 shots with 125 ms delay times
and 10, 20, and 30% scatler in the delay times. .ovenenes I

4.25 The amplitude spectrum of the modulation function for a
ripple firing consisting of 50 shots with 63 ms delay times and
10, 20, and 30% scatter in the delay times.

------------------------------------------

vi

4-12

4-14

4-16

. 4-17

4-19

4-20

4-21

4-23

4-26

4-27

4-29

4-37




vii

4.26 The amplitude spectrum of the modulation function for a
ripple firing consisting of 16 shots with 50 ms delay times and
10, 20, and 30% scatter in the delay tIMes. ...ccercesennennsnsonssnens 4-41
4.3.1 The locations of earthquakes and mines used in this study are
Shown fOr the NORESS @VENLS. .vererrinmnsnnssnssesnisesssesessssssssesessasssssaseses 4-47
¢ ° 4.3.2 Spectrograms of two R1 explosions at NORESS. ...cecnminniereninnnes 4-48
4.3.3 Spectrograms of two Northern Sweden earthquakes at NORESS.
............................................................................................. 4-49
1 4.3.4 Spectrograms of two V10 explosions at NORESS. ..cinresnesnnnns 4-50
4.3.5 Spectrograms of two K1 explosions at NORESS. ... 4-51
4.3.6 The locations of the Eastern Kazakhstan events used in this
study are shown. ...vevinenene . 4-54
4.3.7 Spectrograms of an NRDC calibration shot at stations BAY and
KKL. tesreesesertnsasesaesaassersantrtessastasaserberaeseres . 4-56
4.3.8 Spectrograms of a presumed mine blast at stations BAY and
KKL. ... EeEEIIIeEeIIeIhae st areEse Nt ORbTeRaEsebt e aeeRresbUesaRRe T e et iRt e Renae s bses bheeraneseresaneaaans 4-57
4.3.9 Spectrograms of a presumed regional earthquake at stations
BAY QNd KKL. cveiivncieeeinisneieenssssssssssssssssssssesssssssssesssssesssasssassssssssssonss 4-58
43.10 Spectrograms of the JVE2 nuclear explosion at the
Semipalatinsk Test Site recorded at stations BAY and KKL by
the University of Nevada, Reno. ... veveserennessesane .. 4-60
4.3.11 Vertical recording of the JVE2 event at station KKL. ..oeeveererennane 4-61
5.1 The amplitude response curves for NRDC and SDCS
instruments and their FALIO. ..eecesesssssssseesessesssssssses 5-2
5.2 The phase response curves for NRDC and SDCS instruments
and their diffEreNCe. .uesessesessasssssssrssses 5-3




FOREWORD

This report covers work completed by the Center for Seismic Studies research
staff on high frequency seismology between 1 October 1988 and 1 October 1989.
During this period, Dr. Alan Ryall was the Director of Rescarch at the Center for
Seismic Studies and it was under his direction that this work was performed. The
focus of the research is on the detection, location, and identification of seismic
evems using high frequency scismic data. Data for these studies comes primarily
from the NORESS small aperture array in Norway and its' high frequency (up to 125
z) central element, and the high-frequency stations installed by the Natural
Resources Defense Council (NRDC) close to the Eastern Kazakhstan test sites in the
Soviet Union. A brief description of the contents of the report are given below

The first section is an examination of the NORESS data to be used in this pro-
jecl. Mining is found to be a major source of seismic signal in Fennoscandia with
large concentrations of activity on the Kola Peninsula, Southern Norway, and Central
Sweden. There is evidence that the shooting practices (tonnage, charge distribution
in time and space, etc.) at the Kola Penminsula mines are different than those at the
Scandinaviar. mines. Detection thresholds and iocation errors for events at regional
distances to NORESS based on two and one-half years of data are also given.

Spectral characteristics of the high frequency noise recorded at both NORESS
and the KKi. station of the NRDC network are discussed in section two. The most
important observations of this work are that the decay of ihe power spectra with
frequency do not follow a simple power law and that spectral peaks, possibly gen-
erated by non-linear mechanical and electrical processes of the instruments and
their recording systems, impose limits on the detection of weak signals.

In section three, Israelsson develops a method for estimating the rolloff and
scaling parameter for corner frequency-seismic moment from spectral ratios of a
suite of events from the same location and with the same source function.

Section four, the largest section of this report, contains studies of the charac-
terization of earthquakes and mine blasts. Israelsson correlated pairs of waveforms
from a set of 137 events, to determine the similarities and differences between
events as a function of distance. One of the results of this study is that high corre-
lation at high frequencies can constrain the relative locations of events to very
small distances (100m at 15 Hz). In another study, the effect of scatter in the
delays of ripple fired quarry blasts were examined. This theoretical exercise 1llus-
trates that a 20% scatter can significantly attenuate the secondary harmonics of the
spectrum and reduce the signal-to-noise ratio of the primary peak. The final report
in section four is a characterization of regional events recorded at NORESS and the
NRDC stations by Suteau-Henson. Spectrograms were used to characterize regional
events recorded at NORESS and the NRDC stations. While some mines exhibited
classic spectial scalloping due to ripple firing, many did nol. Low signal-to-noise
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ratios and small band. "dth due to high-frequency attenuation at regional distances
(beyond 1000 km) limit the effectiveness of this method.

The final section is a short note on the instrument responses of the NRDC sta-
tions and the Special Data Collection System used to monitor the Nevada test site.
Because the response of the two systems are similar in the teleseismic frequency
band (1 to 3 Hz), magnitudes obtained from the two different systems can be com-
pared in a gross sense.

Jerry Carter
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1.1 REGIONAL EVENTS DETECTED AND LOCATED BY THE NORESS
ARRAY

ABSTRACT

In this note we analyze regional seismic events reported in the NORESS seismic
bulletin for a period of two and a half yzars. On the average, 9 events are detected
and located each day on working days with few events reported on weekends.
About 7 of the working day events occur at distances less than 400 km and about
half of the 2 events are from two limited areas in Central Sweden and Southern
Norway. Usually, 2 of the 9 events are in fact from the mining districts in Central
Sweden, which occupy an area of only about 20 by 60 km. Magnitudes for events in
a given region are approximately normally distributed with standard deviations
between 0.2-0.35. Differences of more than one magnitude unit between the
median magnitudes for events in the Baltic region and the Kola Peninsula on the
one hand (ML=2.7) and Norway and Sweden on the other (ML=1.1-1.5) suggest
major differences in the use of explosion tonnages in the mining industry and
related fields. The temporal pattern of events detected on the Kola Peninsula
differs from that of events in other regions. Most events are reported on weekends
with a peak early Sunday morning. The fact that few events are detected during
working days on the Kola Peninsula may partly be due to the pronounced temporal
variation of the seismic noise at NORESS. Annual event activities of about 15 and
75 chemical explosions per million km?® with ML>3.0 and ML>2.0 respectiv .ly are
obtained for the operative area of NORESS.
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1.1.1 Introduction

Seismic recordings at local and regional distances have been in the focus of
seismic verification research for over a decade. The emphasis on regional record-
ings is due to the prospects for in-country seismic monitoring stations. Discussions
on the number of seismic events that need to be identified by in-country station
networks have been based on readily available occurrence rates for earthquakes
(Hannon, 1983). However, a large number of mining and industrial chemical explo-
sions are also recorded at local and regional distances, and masking of nuclear tests
with large chemical explosions has indeed been considered as a possible evasion
scenario. There are few systematic compilations of the occurrence of chemical
explosions with regard to frequency, geographical location, and magnitude. The
number of local and regional events that will be recorded at a station is of course
entirely dependent on the routine use of chemical explosions by local mining and
construction industries, and characteristics of such events vary with time and geo-
graphical region.

Mining and industrial chemical explosions are also of interest to the global
seismic monitoring system developed by the GSE (CD/43, 1979). Although this sys-
tem emphasizes detection at teleseismic distances, local and regional data are sup-
posed to be exchanged as well. Concern has been expressed about the amount of
data that has to be handled if all detected local and regional seismic events have to
be reported by a seismic station. Some form of abbreviated reporting has therefore
been considered for earthquake swarms and sequences. However, the reporting
and handling of data for chemical explosions at local and regional distances also
need to be addressed.

In this note we compile some statistics for the local and regional events
reported in the NORESS seismic event bulletin. As emphasized above, the charac-
teristics of local and regional events may vary strongly with geographical region as
well as with time. Even if general conclusions can not be drawn from the analysis of
events occurring in one region during a short period of time, it is felt that the
"NORESS case" is a valuable illustration of the kind of statistics one may have for
chemical explosions recorded at local and regional distances. Not only does the
NORESS array have a high detection capability, but the NORESS seismic event bul-
letin is also compiled in a systematic and consistent manner.

1.1.2 The NORESS Seismic Event Bulletin

The NORESS bulletin is based on real time processing; automatically deter-
mined event solutions are reviewed and graded by an analyst from standard plots
of associated record sections and f-k diagrams (Mykkeltveit, 1985). The bulletin has
been reported since late 1985. The data used in this study covers the period from
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Jan. 1, 1986 to june 30, 1988 and is limited to seismic events that were graded A
(acceptable) in the analyst’s review. A total of 5946 such events were reported for
this period, which corresponds to a daily average of 6.5 events.

Geographical Distribution:

The map in Figure 1 shows the geographical distribution of the events. The
circular area within 500 km of NORESS is well covered with event epicenters from
80 ° to 330 ° north. At distances greater than 500 km most events occur to the east
of NORESS. At distances greater than 1000 km there are virtually no events to the
west of NORESS. Note that there are events distributed along fairly long profiles
(out to 1500 km) to the east and northeast of NORESS. There is also rather com-
plete azimuthal coverage at radii of around 200, 500, and 1000 km.

The perspective representation in Figure 2 of the number of events as a func-
tion of location relative to NORESS is dominated by two major event clusters within
about 200 km; one in central Sweden, east of the array, and one in Southern Nor-
way, south of the array. These clusters stand out as sharp peaks in the figure. Even
though there is a fairly high concentration of events in western Norway, the distri-
bution is more spread out. In relation to these areas, the considerable activity in
the Baltic area on the Kola Peninsuja can barely be seen on a similar figure showing
the entire region of this study.

The strong concentration of events at close distances is also illustrated by Fig-
ure 3, which shows the cumulative distribution of the epicentral distance for all the
events. About 60 % of the events are at distances less tha: 200 km and 80 % of the
events are within about 400 km.

Magnitude Distribution

The histogram in Figure 4 shows the frequency distribution of the event mag-
nitudes, ML. Most of the events are in the range ML=1-2 with a sharp peak at
ML=1.1. There is also a small secondary broader peak around ML=2.6. The cumula-
tive distribution function of the maghnitudes of all events in Figure 4 shows that
about 80% of the events have a magnitude of ML<2.0. The pronounced concentra-
tion of small magnitude events at short epicentral distances and of large magnitude
events at large epicentral distances is illustrated by the cumulative distribution
functions of the epicent.al distance for events with magnitude less than and greater
than ML=2.0 in Figure 5. The two functions show that only 15% of the events with
ML>2.0 occur at distances less than 400 km, and over 25% of the events with
ML <2.0 occur at distances less than 400 km.




0 T 500 -km - f

Figure 1. Seismic events (grade A) in the NORESS bulletin from Jan. 1, 1986 - June
30, 1988. The NORESS array is the projection point of the map and the events have
been grouped into sector cells with 25 km radial extension and azimuthal coverage
of S degrees. The relative number of events in each cell is indicated by the degree
of shading.
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Figure 2. The upper perspective diagram shows the number of events (in all 5946)
as a function of geographical location out to 1500 km from the NORESS array, which
is located at the center of the co-ordinate plane. The two spikes in the top diagram
correspond Lo events in Southern Norway and Central Sweden. In the lower diagram
events out to 450 km from NORLESS are shown in a similar way (in all 4899 events).
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Figure 3. Cumulative distribution of epicentral distance for all events reported by
NORESS (in all 5946). The curve shows that about 60% of the events are at dis-
tances less than 200 km and 80% are at distances less than 400 km.
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ligure 4. A histogram representation of the frequency distribution of the maghi-
tudes, ML, for all events reported by NORESS (above). Empirical cumulative distri-
bution function of event magnitudes, ML, for all events reported by NORESS
(below). The curve shows that about 80% of the events have a magnitude less than
ML.==2.0, and 15% have a magnitude ML>2.5.
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Figure 5. The two curves represent the empirical cumulative distribution functions
of the epicentral distance for events with ML <2.0 and with ML >2.0 respectively.
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Time Variation

Ringdal, (1986) pointed out that there is a large increase in the number of
detections during daytime hours due to mining explosions, road work and other
cultural sources. In Figure 6 we see this effect by plotting the number of events as
a function of time during the week. Not surprisingly there is a strong cyclic varia-
tion, not only with lime of day but also with day of week, with few events detected
during the weekends.

Regions with main activity

The regions containing mcst of the seismic activity, based on the perspective
representation of the number of events as a function of lowation in Figure 2, are
defined by the five areas in Figure 7. Data on area and number of events in each
region are listed in Table 1. The data in the table show that about 50% of all events
detected by NORESS are located in Central Sweden or Southern Norway, in an area
that is less than 1% of the operative region of the array (circle with 1500 km
radius). Taken together, the events in the five regions make up almost 75% of the
events that are detected and located by NORESS. The events in Central Sweden are
concentrated in a small group of mining districts with over 1000 events or almost
20% of all NORESS events within a rectangular area of 20 by 60 km.

TABLE 1.
MAIN EVENT REGIONS
Region Center Area No. of ML

- Co-ordinates *10**4 | Events | Median Std

- Lat(N) Long(E) | (km**2) - - -
Central Sweden 60.1 14.8 2.1 1506 1.1 0.20
Southern Norway | 59.7 10.5 2.8 1488 1.2 0.31
Western Norway 61.2 6.6 8.3 684 1.5 0.35
Baltic Region 60.5 26.0 49.2 594 2.7 0.33
Kola Peninsula 68.5 32.3 19.0 77 2.7 0.23

The event magnitudes for each region vary within rather limited ranges as
summarized in Table 1. The magnitudes for each region are approximately nor-
mally distributed ( Figure 8). As pointed out earlier, the vast majority ot the events
in the NORESS bulletins are chemical explosions for mining and other industrial
purposes. The difference of more than one magnitude unit between median values
for the Baltic and Kola regions on the one hand ( ML=2.7) and for the regions in
Norway and Sweden on the other (ML=1.1-1.5), suggests rather different practices
in carrying out explosions with regard to tonnage and/or distribution of charges.
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Figure 6. Number of events as a function of hour during the week for all events.
The curve shows a clear variation with working hours with peaks during the day

and low activity on the weekends.
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Figure 7. The shaded areas define the even! regions discussed in the text: Central
Sweden, Southern Norway, Western Norway, the Baltic region, and the Kola Penin-
sula,
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Figure 8. Empirical cumulative distribution functions of event magniwndes, ML, for
events in the five regions defined in Figure 7.
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Variations in the number of events as a function of time of week are shown in
Figure 9 for each region separately. Although the cyclic variation during the week
is similar for all regions (except for the Kola peninsula) there are also minor differ-
ences. The diagram for Central Sweden shows three daytime peaks separated by
6-8 hours, which may reflect the working shifts in the mines. The activity in Central
Sweden and Western Norway peaks on Tuesdays, whereas the peak occurs on
Wednesdays in Southern Norway and Fridays in the Baltic region. The daily peaks
for the Baltic are sharper than the other three regions, which may be an eifect of
more rigorous time schedules, The weekly curve for the Kola Peninsula is some-
what different than those of the other regions. The peak activity occurs on Sunday
morning around 0300 GMT (i.e. 0500 local time). The fact that few explosions are
reported for the working days may be due to the higher seismic noise level at
NORESS during the normal working hours.

1.1.3 NORESS Detection And Location Capabiiities

Events in the NORESS bulletin are defined from detection of P, and L, phases
(Mykkeltveit, 1985). An event epicenter is defined by the distance obtained from the
L, - P, arrival ime difference and by the backazimuth obtained from f-k analysis of
the L, phase. For each event the bulletin also includes a local magnitude calculated
from the maximum L, amplitude with a distance correction for Scandinavia.

Phase and Event Detection Capability

Several studies have been carried out on NORESS detection capabilities for the
P,, S,, and L, phases. For example, Sereno and Bratt (1988) have approximated
analytical expressions to the detection probabilities of P, and of L, as a function
of magnitude, ML, and epicentral distance, r, (in km):

D,-(l’)+a',-'ML ]

o;

Pi(r ML) = <1>[

with

D/(r) = a;+b;-log,(r)

Here ¢ is the standardized normal distribution function, and «, a, b, and ¢ are con-
stants and parameters with values characteristic of each phase, i=P,, and L,. The
formulas were obtained for the distance interval 300-1400 km, and they are graphi-
cally illustrated in Figure 10. The smallest of the 50% thresholds for P, is below
ML=2.5 over this interval. This can be compared with results of Ringdal (1986),
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Figure 9. Number of events as a function of hour during the week for each of the

five regions separately.
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Figure 10. The curves represent 50% magnitude (ML) detection thresholds for P,
(line) and L, (dotted) at NORESS according to analytical expressions by Sereno and
Bratt (1988). The threshold at ML=2.4 for P waves zstimated from a comparison
wilth Network detections and locations of events east of NORESS in the distance
range 700-1400 km was obtained by Ringddl (198G), The 50% threshold at ML=1.8
at 400 ki was obtained by Mykkeltveit (1986) and relates to events in Western Not-
way. Finally the ML==2.7 threshold was defined by Gibowicz (1987) for mining
events in the Lubin basin in Poland at about 1000 km from NORESS. A precise
threshold could not defined and the value in the figure represents an approximate
limit. It can be noted that the Lubin basin is located behind the Tornquist line from
NORESS in a tectonically disturbed area.




who found that the detection capability of NORESS appeared to be better than
ML=2.3 out to at least 1400 km distance.

The probability of detecting a seismic event, P,(r,ML), can be obtained from
these phase detection probabilities if we assume that detections of P, and L, are
independent:

Pe(V.ML)=PP 'PL
n 9

For given values of the probability P,(r,ML) and epicentral distance the ML thres-
hold can be obtained from this non-linear equation.

In a similar way the probability for the detection of at least one of the two
phases P, and L, is:

Ppn‘*‘PLg“PPn'PLg

Again the ML threshold can be calculated from this expression for a given probabil-
ity and distance.

Figure 11 shows the event magnitudes plotted as a function of epicentral dis-
tance for events at distances greater than 400 km. The data points are compared
with the event detection thresholds at 10, 50, and 90% probability obtained from
the non-linear equation above. The thresholds for 10 and 90% range over about
one magnitude unit. This difference is partly caused by a significant variation of
the seismic noise with time at NORESS (Fyen, 1986). The difference in noise ampli-
tude is about 10 dB (in power, i.e.,, 0.5 magnitude unit) from weekend lows to mid-
day highs during working days, in the 2-16 Hz frequency band of detection
(Kvaerna and Mykkeltveit, 1986). It can be seen that a significant number of events
are indeed detected at or even below the 10% detection threshold. The events on

the Kola Peninsula were mainly detected during weekends, which usually have low
noise levels.

Annual Activity Levels

The events in the NORESS bulletin can be used to describe the number of
events occurring w.tnin a given region as a function of magnitude, during a given
period of time. This is an important characteristic for seismic monitoring systems.
Since we are dealing with chemical explosions, the standard methods of earthquake
seismology cannot be used, and we therefore use a straightforward descriptive
approach. We define the event activity as the number of events with magnitude
above a certain value, ML, that occur per unit time and per unit area. The event
activity can be obtained for events in the NORESS bulletin above the magnitude
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Figure 11. FEvent magnitudes as a function of epicentral distance for all events
beyond 400 km from NORLSS. The three curves represent the magnitude detection
thresholds at 10, 50, and 90% probability as defined in the text.
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threshold for which NORESS has more or less complete detection. We use the mag-
nitude values of low magnitude thresholds that have been discussed for test ban
monitoring with internal station networks. Hannon (1983) defined a network of sta-
tions with a 90% magnitude threshold equal to or below 3.0 throughout the Soviet
Union as adequate, but considered the even lower magnitude range 2-3 to be of
potential interest for this type of monitoring network.

The 90% ML threshold for NORESS is equal to or below 3.0 out to a distance of
about 800 km (Figure 11). On average 24 events per year with ML>3.0 were
detected and located within 800 km of NORESS according to the NORESS bulletin
for the period analyzed here. This corresponds to an annual average of 12
events/million km® with ML>3.0. If we assume in a similar way that complete
detection of events with ML>2.0 is obtained at distances less than 400 km (which
seems somewhat optimistic according to Figure 11), we get from the NORESS bul-
letin an annual average of 48 events/ million km?® with ML>2.0. However, a some-
what larger annual average, 76 events/ million km?®, as actually reported for the
entire operative area of NORESS ( here defined as distances less than 1500 km). If
these event activities (12 and 76 events/million km? ) were representative of the
seismic activity in the Soviet Union (area of about 22.3 million kmz), they would
correspond to about 250 and 1500 events annually on Soviet territory with ML>3.0
and ML>2.0 respectively. Hannon (1983) estimated that the annual number of
Soviet earthquakes with magnitude greater than 3 and greater than 2 would be
about 1000 and 5000 respectively. That is to say that the event rates for chemical
explosions are about a factor of 3-4 smaller than those estimated for natural earth-
quakes. The number of events with ML>2.0 and ML>3.0 as a function of geographi-
cal location in relation to NORESS are shown in Figure 12. The larger events are
concentrated in the Baltic region and the Kola Peninsula with few events scattered
in other parts of the operative area of NORESS.

Location Capability

A NORESS epicenter estimate is defined as the point at a distance obtained
from the difference between L, and P, arrival times and at a backazimuth obtained
from L;,. The estimated azimuths are compared with those calculated from epi-
center determinations by local networks in Western Norway (BER) and Finland (HEL)
in Figure 13. The empirical distribution functions of the azimuth error, 5, are
shown both for regionalized and non-regionalized data. Here 5 is defined as the
difference between the azimuth reported by NORESS and that calculated from the
BER and HEL determinations. Medians and standard deviations of 5 are summarized
in Table 2. The errors have similar distributions for all data sets and are approxi-
mately normal with no bias (zero mean) and a standard deviation of around 7 °.
This value can be compared with 0,=10° used by Bratt and Bache (1988) in theoreti-
cal simulations of NORESS mislocations. Furthermore, Harris et al. (1986) obtained
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Figure i2. Number of events with magnitude ML>2.0 and ML >3.0 as a function of

geographical location in relation to NORESS oul to 1500 km. The maximum density
in the diagram is 40 events/ 15 km?.
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Figure 13. Cumulative distribution function of error in backazimuth for NORESS
events that were also reported by local networks in Western Norway (BER) and Fin-
land (MEL). There were 347 and 383 common events respectively for BER and HEL.
The error is defined as the difference between the azimuth reported by NORESS
and that calculated from the epicenter determined by BER or HEL.
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an rms error of 5.5 ° for a three phase average ( P,, S,, and L;) for mining explo-
sions. If we assume that the azimuths of these phases are independent and have
equal standard deviations, this corresponds to ¢,=9.2°. Finally, Gibowicz (1987)
found that for mining events in the Lubin basin at about 1000 km distance from
NORESS the error in backazimuths of P, and S, ranged in the interval -14° to 17°
and -5° to 4° respectively.

TABLE 2
ERRORS IN DISTANCE AND BACKAZIMUTH

Events Lat(N) Long(E) Dist No of Error
- - (km) Events Distance Backazimuth
- Med Std Med Std

W. USSR 60.5-61.0 | 28.5-30.5 | Y75 46 20 15 0.5 6.6
W. USSR 59.0-60.0 | 23.5-25.5 | 730 36 27 23 -3.7 7.6
S. Norway 60.0-61.0 5.4-5.7 330 71 41 17 2.3 6.2
HEL Events 383 20 4] 1.3 7.9
BER Events 347 24 43 -1.8 7.1

The situation for the distance error, ¢, is more complicated, as indicated by the
empirical distribution functions for the regionalized data sets in Figure 14. The
difference, &, is defined as the difference (in km) between the distance reported by
NORESS and that calculated from the epicenter determinations of BER and HEL.
Values of medians and standard deviations are listed in Table 2. For all three
regions there is a bias (from 20 to 40 km) and the data are approximately normally
distributed in only one case. The standard deviations vary between 15 and 23 km.
Let o;, for i=P, and L,, be the standard deviations of the arrival time errors. The
standard deviation of epicentral distance, o¢, can be written as:

12
2 2
o= ["Lg +0p ] /(SLg—Spn)

with §; being the slowness for P, and L,.

For theoretical simulations of mislocations Bratt and Bache (1988) used
ap”=aLg=l.S, which according to this formula (with S, and S, , 1/3.5 and 1/8.1 s/km
h g

respectively) corresponds to g.=13 km. This value is in reasonable agreement with
the standard deviations for the distance error of the regionalized sets in Table 2.

Data for the distance error, ¢, is also plotted as a function of distance in Figure
14. There is a large scatter in the data, which also seem to be biased. Some of this
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Figure 14. Cumulative distribution of error in distance for NORESS events common
with events reported by local networks in Western Norway (BER) and Finland (HEL).
The error is defined as the difference belween the distance reported by NORLSS
and that calculated from the epicenter determined by BER or HEL. Data are shown
for three regionalized sets defined in Table 2. The straight line represents distance
error used in theorelical calculations (Bratt and Bache, 1988).




bias can be explained by misidentification of the L, phase as the largest amplitude
in the S coda if the maximum actually occurs for S,, as is often the case for mining
explosions in the Lubin area (Gibowics, 1987). This bias caused by using the arrival
time of L, when it really is that of S, is a function of distance:

' (SLQ_SSn).r—tSn(O)

bias =
(,,~Sp,)

with t; (0) being the intercept of the travel time formula for S, (e,
ts (r)=ts (0)+r-Sg ). With the values of the layered model for crustal velocities used
n n n

in the NORESS locations the bias is = 0.44:r-78 (km). This linear relation is drawn
in Figure 14 and there seems to be a group of events at distances between 200-600
km that cluster around this line.

The mislocation or total error, ¢, is defined as the distance between the
NORESS epicenter and that determined by BER or HEL. If we assume plane

geometry we have approximately:

2
o

180

2 2 2 2
¢ = i’

By applying the expectation operator we get:
2

-
3

EG) = of +E(€)+ rz'a,f'
180

Here E(gz) will depend on the bias of the distance error, which seem to vary
between regions.

Even if we assume no bias in the distance error (which can be 20-40 km), the
mislocations are significantly larger than the reported epicenter accuracy of 0.1
degree in latitude and longitude.

1.1.4 Concluding Remarks

Seismic events reported in the NORESS bulletin for a period of two and a half
years, Jan. 1, 1986 - June 30, 1988 have been analyzed. The events show a strong
cyclic variation with time of week. Averaged over the working days, the total
number of events for this period corresponds to 9 events per working day.

The geographical distribution of the epicenters has & highly regionalized pat-
tern, with about 80% of the events at distances less than 400 km. Half of the events
are from two limited areas within about 200 km from the array, one in Central
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Sweden and the other in Southern Norway. About 20% of the events are from a
small area (20 by 60 km) in the mining districts of Central Sweden.

The magnitudes for events in a given region are approximately normally distri-
buted with standard deviations between 0.2 - 0.35. The magnitudes for the events
in Sweden and Norway have mean values in the range ML=1.1-1.5. For the Baltic
region and the Kola Peninsula the medians are equal to ML=2.7. Clearly, events in
the Kola peninsula in the ML=1-1.5 range would not be detected by NORESS. Even
so, if one assumes that the majority of the events are mining explosions this sys-
tematic difference in magnitudes suggests major differences in the use of explo-
sions tonnages and/or distribution in time and space of charges.

The detected events on the Kola peninsula differ from the other regions with
regard to the cyclic pattern as a function of the hour of the week. Most Kola events
occur on the weekends with a peak early Sunday morning. The fact that few events
are reported during working days from the Kola peninsula may be an effect of the
strong variation of the seismic noise level with time of week.

Magnitude thresholds for event detection are derived from published phase
detection probabilities. The event detection threshold at 50% probability is in the
range ML=1.9-3.3 for the distance interval 400-1500 km. The threshold varies
almost one magnitude unit for probabilities at 10% and 90% for any given distance,

and this range may again partly be caused by the variation of the seismic noise at
NORESS.

In order to compare the characteristics of the number of events in the NORESS
operative area with those of other regions, the NORESS bulletin data was also used
to estimate the level of event activity, defined as the number of events above a cer-
tain magnitude, ML, per unit time and per unit area. The estimated event activities
for ML>3.0 and ML>2.0 are 12 and 48 events annually/ million km®. If these activi-
ties were uniformly applicable to the Soviet Union, 250 and 1500 mining events
would occur annually within Soviet territory with ML>3.0 and ML>2.0 respectively.
These event rates for chemical explosions are about a factor of 3-4 smaller than
those estimated for natural earthquakes for the Soviet Union.

Comparisons of epicenters estimated by NORESS and those determined from
station network data in Fenno-Scandinavia are used to estimate standard deviations
of errors in backazimuth and distance to about 7.5 ° and 15-25 km respectively for
regionalized data. The dijstance errors are alse subject to bias due to misidentifica-
tion of secondary phases.

Hans Israelsson
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2.1 SPECTRAL CHARACTERISTICS OF HIGH FREQUENCY SEISMIC
NOISE AT NORESS AND KKL

ABSTRACT

In this note we compare posver spectra of seismic noise recorded during quiet
periods at the high-frequency element of the NORESS array and the NRDC high-
frequency station at Karkaralinsk, KKL, in the Soviet Union. Between 2 and 40 Hz
the power spectrum of the vertical component surface noise at NORESS is up to 10
dB quieter than that of KKL. Qutside this band the spectrum at KKL is clearly lower
(up to 10 dB) than the NORESS spectrum. The decay of the power spectra with fre-
quency does not follow a simple power law. For example, the NORESS spectrum has
a pronounced minimum at 4 Hz, which can be utilized as a window for signal detec-
tion. Below 10 to 20 Hz, both NORESS and KKL quiet spectra are less than (by at
most 10 dB) or equal to levels predected by the NORSAR noise model. At higher
frequencies they are up to 10 dB larger than the NORSAR model. The spectra of the
horizontal components are, in general, lower than those of the vertical components
at frequencies between 25 to 50 Hz. Borehole instruments provide approximately 6
dB noijse reduction relative to surface instruments in the frequency band from 10 to
30 Hz. The spectra of all instrument components are dominated by a suite of 15 to
20 narrow peaks. Many peaks occur at frequencies that can be described by the for-
mula for a geometric series. Most of these peaks seem to be generated by non-
linear mechanical and electrical processes of the instruments and their recording
systems. Even if such peaks do not obscure many broadband signals of interest,
they impose limits on the detection of weak signals of interest in test ban monitor-
ing.
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2.1.1 Introduction

Interest in high-frequency seismology for monitoring underground nuclear
explosions has resulted in studies of the ambient ground noise at frequencies up to
100 Hz at the NORESS array in Norway (Fyen, 1987) and at NRDC experimental sta-
tions in the Soviet Union (Berger et al., 1988). Collecting high-frequency seismic
noise data requires highly sensitive instruments and recording systems. In fact,
Berger et al. (1988) conclude from their data collected in the Soviet Union, that two
instruments are necessary for observing the ambient seismic noise over the fre-
quency band 1-100 Hz, (they use two different Teledyne Geotech seismometers, a
GS-13 for frequencies helow 10 Hz and a 54100 for frequencies above 10 Hz). At
NORESS, data have been collected in the 1 to 50 Hz band with only one instrument
(GS-13 seismometers; initially Teledyne Geotech S-3 seismometers were used for
about half a year, Fyen, 1987).

In this note we compare power spectral density functions of seismic noise
recorded at the high-frequency element of NORESS and at the NRDC stations in the
Soviet Union. As the ambient noise at high-frequencies is usually strongly depen-
dent on cultural activities and wind conditions, attempts are made to select data
recorded at quiet periods for this comparison.

2.1.2 Stations and Recording Characteristics

The technical characteristics of the high-frequency element of the NORESS
array and the NRDC stations have been described by Kromer {1985) and Berger et
al. (1988) respectively. The high-frequency element at NORESS consist of a three-
component set of Teledyne Geotech GS-13 seismometers placed in a surface vault at
the NRAO site of the array. The NRDC data were limited to recordings at the station
in Karkaralinsk, KKL, which was cquipped with Teledyne Geotech 54100 three-
component borehole seismometers in a 60 m borehole and three componenent GS-
13 seismometers in a surface vault. The 54100 borehole seismometer houses S-750
feedback accelerometers, the output of which are shaped with line drivers to
achieve a response that is flat to ground velocity. For the sake of brevity, we refer
to the borehole instruments as S-750 in the following. Amplitude response curves
obtained from analytical expressions of the nominal response of the instruments
with associated recording equipment (after Durham, 1986 and Berger et al., 1988)
are drawn in Figure 1. All responses are flat to ground velocity. The operational
frequency band of the NORESS station is 10 to 50 Hz, while the KKL bands cover
frequencies from 1 to 80 Hz. The NORESS response has a resolution (in
counts/nm/s) that is over 20 dB higher than the resolutions of the KKL responses.

Instrument and recording equipment noise are summarized and compared with
the instrument noise levels for the RSTN stations (Rodgers et al., 1987) and the Laji-
tas LTX station (Herrin, 1982 and Li et al., 1984) in Figure 2. The sclf-noise for the
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$-750 seismometer (the theoretical instrument noise given by the manufacturer) is
flat in acceleration with a clear minimum around 50 Hz. Th< self noise of the G5-13
seismometer (including the electronic system) of the NRDC stations is flat in velo-
city between 4 and 25 Hz. The measurement was obtained with the seismometer
mass clamped (Berger et al., 1988). The noise of the NRDC and the NORESS record-
ing electronics were obtained by replacing the seismometer with an impedance
matching that of the seismometer (Kromer, 1985; Berger et al., 1988). The self-noise
of the LTX seismometer (Teledyne Geotech 20171) including the low noise amplifier
(Teledyne 43310) is flat in velocity above about 2 Hz. Bias of estimated power den-
sity functions for ambient seismic noise caused by quantization noise has been stu-
died theoretically and experimentally for seismic noise data (Bungum and Myk-
keltveit, 1985; Rodgers et al, 1987). The power of quantization noise is
1/12-countsz/Hz, which for sampled seismic data introduces a bias in the power
spectral density function of At-l/lZcountsz/Hz, where At is the sampling interval
in seconds (Rodgers et al., 1987). The quantization sensitivity at NORESS and KKL
shown in Figure 1 is sufficient for such bias to be neglected.

2.1.3 Data

Clear seasonal, weekly, and diurnal variations of the noise level (power spec-
tral density) at the NORESS array have been documented (Fyen, 1957). At higher
frequencies, the noise level correlates with the industrial activity in the area, and
the diurnal variation can vary from 5 to 15 dB at frequencies above 2 Hz. Further-
more, the nighttime minima during weekends are lower than those during working
days. Seasonal variations have also been noted that correlate with water flow
related to snow melting in nearby and distant rivers at frequencies above 1.5 Hz.
Noise related to industrial activity seems to be less pronounced at frequencies
above 20 Hz than at frequencies in the 2 to 20 Hz band (Fyen, 1987). Locally gen-
erated wind noise (due to wind speeds of the order of 10 m/s) can usually be
neglected below 10 Hz, but may contribute 5 to 15 dB between 20 and 30 Hz
(Bungum and Mykkeltveit, 1985). For the purpose of this study, 19 noise segments,
each consisting of 2 minutes of data, were selected from data recorded on Jan 4 (a
Sunday), 1987. The onsets of the segments were separated by 10 minutes and were
taken from data that were recorded between 1 and 4 a.m. local time. These times
represent periods with quiet noise conditions. The power spectral densities
(estimated as describd 1 below) are shown at various frequencies from 1 to 40 Hz as
a function of local time in Figure 3. The variation about the segment averages is
usually less than 5 dB.

Due to the limited recording period, the time variation of the noise level at the
NRDC stations was not studied in detail. It has been noted that at the earth’s sur-
face, the noise level at frequencies above 20 Hz can increase about 10 dB with an
increase in the local wind speeds from 0.5 m/s to 5.8 m/s. For borehole
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instruments (60 m below the surface) this increase is less pronounced (Berger et al.,
1988). The noise data recorded at the NRDC station KKL that was used for this
study consists of 90 s segments from a suite of noise recordings collected at one
hour intervals from the 9th through the 11th of April, 1987 (Figure 3). Eleven seg-
ments with quiet noise conditions (indicated in the figure) were selected for the
subsequent analysis. The data show the power spectral density at various frequen-
cies from 1 to 70 Hz. The selected noise segments were obtained between 9 p.m.
and 7 am. local time. During that time period, the noise level in all frequency
bands stayed fairly constant with a variation less than 5 dB from the average.

2.1.4 Power Spectrai Density Functions

Power spectral density functions, p,(f), of the noise segments were estimated
with standard procedures assuming that a recorded noise segment, x;(t), ( i=1,..,I)
is a realization of a stationary stochastic process. Each noise segment, x;(t), was
divided into J consecutive blocks, x;(t), ( j=1...J) with an equal number of data
points n, in each block. n is an integer power of 2, (n=2k). k=9 and 10 correspond
to 4.1 seconds of data for NORESS and NRDC respectively.

For each sample block, any DC bias present was removed and the data were

tapered with cosine tapers of 0.5 sec length. The discrete Fourier transform was
calculated in the usual manner:

n—l

1
— = x;(t)e
Vi t=0 )

=2:zt-f In

Xu(f) =

The block estimates were averaged for each noise segment:
) NS
pi(f)=—"=% Xin,'j
J j=i

where At is equal to the increment between data points in seconds (1/125 and
1/250 s for NORESS and KKL resplectively). These averages, p;(f), were then aver-

aged over the segments i.e., p(f)=< p;(f)/I. The final average estimate of the power
=1

density, p(f), for each instrument component was based on 418 and 242 block
spectral estimates for NORESS and KKL respectively. The average spectia colrecled
for instrument response (ground velocity), p(f), are shown in Figure 4 for the verti-
cal components of the three instruments. The system noise spectra, p,(f), from Fig-
ure 2 are included for comparison. The system noise spectra are well below the
estimated spectra, p(f), for each instrument. Berger et al. (1988) found that the
GS-13 seismometer noise) approaches the ambient ground noise at KKL (during
quiet conditions) at about 30 Hz. The theoretical seismometer noise for the S-750
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instrument at KKL is fairly close to the average ambient noise spectra for the GS-13
instrument at frequencies around 2 Hz. Berger et al. (1988) therefore composed the
quiet noise spectrum from that of the GS-13 instrument for frequencies below 10
Hz and that of the S-750 above 10 Hz. The two ambient noise spectra at KKL cross
over at about 10 Hz in Figure 4. The curve representing the minimum of the two
KKL spectra in Figure 4 would thus represent the ambient noise at KKL according to
the procedure used by Berger et al. (1988).

In Figure 5 the "ambiant noise-to-system noise ratio" defined as ambient noise
plus system noise over system noise, i.e., p(f)/p,(f), is plotted as a function of fre-
qguency for the two instruments at KKL. The surface instrument has the largest
noise-to-noise ratio for frequencies below 35 Hz, and above 70 Hz the two instru-
ments have about the same values. The large maximum for the borehole instrument
in a band around 50 Hz is an effect of the minimum of the theoretical noise and
possibly self noise from the 50 Hz power line of the S-750 instrument. That is to
say, the apparently large noise-to-noise ratio in this band is probably strongly
biased. Between 10-20 Hz the noise-to-noise ratio for the borehole instrument is
about the level of the noise-to-noise ratio for the surface instrument at frequencies
above 50 Hz.

Surface and Bore Hole Instruments

Figure 6 compares the power spectra at the surface (GS-13) and in the borehole
(5-750) of the KKL site. The ratio of the power spectra is plotted as a function of
frequency between 1 and 80 Hz. The power spectra were corrected for the system

noise, i.e., the ratio is defined as: [ﬁ(f)—ps(f)]GS_B/ [ﬁ(f)—ps(f)]s__so. The ratio in

Figure 6 shows that the noise level is about the same at 10 Hz; below 10 Hz it is
lower for the surface instrument; and above 10 Hz it is higher for the surface
instrument. Between 10 and 30 Hz the ratio is about 6 dB, and above 30 Hz the
ratio stays fairly constant around 4 dB except in a narrow band around 50 Hz,
where it drops below 0 dB. For the data analyzed here, the borehole environment
provide the largest noise reduction in the band from 10 to 30 Hz. This is in general
agreement with results for the NORESS high-frequency element. Fyen (1987) reports
clear differences for frequencies above 6 Hz, with a 6-7 dB higher noise level at the
surface (GS-13 in shallow vault) than in the borehole (a Teledyne Geotech S-3 bore
hole seismometer at a depth of 60 m). However, Berger et al. (1988) found little
improvement in noise levels at the quieter NRDC sites for the borehole instruments
for frequencies below 40 Hz. Above 40 Hz the improvements were only marginal.
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Decay Rate with Frequency

Power spectra of ground noise displacement are usually decaying more or less
monotonically with frequency, f, above some low frequency value and various
power law models have been used to describe this effect. For example, the NORSAR
model, which is based on noise data from Southern Norway, assumes that the power
of the displacement above 1 Hz is proportional to f'5 (Bungum and Mykkelteit,
1985). Another model, based on data from the Lajitas, Texas, station LTX, assumes
that the acceleration power density above 2 Hz is independent of frequency (white
noise process), which means that the spectrum of the displacement would fall off
like f~* (Li et al., 1984).

In Figure 7 the average spectra at NORESS and KKL are compared with the
NORSAR model, i.e., the ratio: ;3()’)/[‘"'S is plotted as a function of frequency. The
spectruin for KKL is 1epresented by that of the surface vault (GS-13) to allow com-
parison with the NORESS spectrum. Neither of the average spectra fit the NORSAR
model particularly well. In fact, no simple power law, f™", describes the data span-
ning the frequency bands covered by the two spectra. However, the KKL spectrum
decreases steadily over its frequency band, and decays approximately like f'4
between 2 and 30 Hz. The average spectra follow the NORSAR model closely only
over narrow bands (8 to 20 Hz for MORESS, and 4 to 10 Hz for KKL). At higher fre-
quencies (above 20 Hz for NORFESS and above 10 Hz for KKL) the spectra decay
slower than -f's. The NORESS average spectrum has a pronounced minimum at 4 Hz
which provides a window with high potential for signal detection.

In the 2 to 40 Hz band the NORESS spectrum is equal to or smaller (by at most
10 dB) than that for KKL. The KKL spectrum is clearly smaller (up to about 10 dB)
than the NORESS spectrum outside this band at lower, as well as at higher, frequen-
cies. The NORESS spectrum is also equal to or below the NORSAR model for fre-
quencies less than 20 Hz. Above 20 Hz the NORESS spectrum increases relative to
the NORSAR model and at 50 Hz there is about a 10 dB difference. The KKL spec-
trum is equal to or below the NORSAR model at lower frequencies, and becomes
larger than the NORSAR model at about 10 Hz. '

Horizontal Components

The analysis so far has only been concerned with noise of the vertical com-
ponents. The average spectrai ratios of the horizontal components to the vertical
component (i.e., ﬁEW(f)/f’z(f) and Pys(f)/B,(f)) of NORESS are plotted in Figure 8.
Apart from narrow peaks, which are discussed in the following paragraph, the ratios
for the two horizontals are quite similar. There is slightly more power in the hor-
izontal components than in the vertical component up to 25 Hz. Beyond 25 Hz the
horizontal levels are smaller than the vertical level, and at 50 Hz they are almost a
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factor of ten below that of the vertical.

The horizontal-to-vertical ratios for the surface instruments at KKL (Figure 9 )
are similar to the NORESS ratios, but after reaching a minimum around 40 Hz, the
difference becomes smaller with increasing frequency. At 80 Hz (corner frequency
of the anti-aliasing filters) the ratios are close to one.

The power spectra (ground velocity) of the the horizontal component data
from the borehole instruments are constant (white noise) ~~ove 30 Hz (see Figure

10), and they are therefore assumed to have a high systei.. ise in this frequency
band.

Narrow Peaks

One of the most significant features of the average power spectra is a suite of
narrow peaks. The number of peaks varies belween 15 and 20 among the instru-
ment components analyzed here. Such narrow peaks in the noise spectrum are
often observed at frequencies above 1 Hz. Berger et al. (1988) noted that some
peaks of the NRDC stations were persistent over time, whereas others appeared to
come and go. The peaks here represent averages over 4 to 12 hours. Noise peaks
are seldom analyzed .in detail since it is felt that they shouid not in general obscure
broadband signals of interest. The peaks are rﬁostly associated with instrumental
effects. For example, studies of peaks in noise spectra at the RSTN stations based
on comparisons between surface and downhole sites lead to the conclusion that the
source of many of these peaks might be related to unknown vibrations of the
equipment at the site itself (Rodgers et al., 1987). However, peaks with frequencies
around 5 Hz and below have also been related to actual ground motion generated
by nearby hydroelectric power plants (Hjortenberg and Risbo, 1975).

Using the the spectrum from the S-750 vertical data at KKL in Figure 11 as a
starting point, we discuss briefly the natuare of the spectral peaks of the data
analyzed here for NORESS and KKL. Some of the peaks can be related to the 50 Hz
power lines, which seems to give rise to a series of peaks at lower and higher fre-
quencies. The frequencies of the series can be summarized by the formula for a
geometric series: f"=f0~2""’, with f=6.25 and n=],..5. Only one of the nine
instrumental components (the vertical GS-13 at KKL) is free from a 50 Hz peak in
the spectrum. For the $-750 data, other similar series of peaks can be identified
with fy=2; n=1,...6; and fy=10; n=1,..,4. The origin of these series is less obvious,
but it seems reasonable to assume that it is caused by instrumental resonances
rather than actual ground motion. In fact, 14 peaks of the spectrum in Figure 11 are
described by these three series. There are only three other prominent peaks that
are not described by any of these series. These peaks occur at 28 and 34 Hz (seen
also in the GS-13 data at KKL; Figure 12) and at 45 Hz (not seen in the GS-13 data;
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Figure 12). The 28 and 34 Hz peaks could be due either to resonances of the
recording system, which is common to the KKL instruments, or to ground vibra-
tions. The peak at 45 Hz can probably be related to the S-750 instrument itself,
since if it were caused by ground motion, such a prominent amplitude should have
appeared on the nearby surface vault instruments also. None of these three peaks
are observed in the NORESS noise spectra (see Figure 12).

Peak series with frequencies described by the doubling formula with f,=2 and
10 do not appear in the NORESS spectra, which contain three dominant peaks at fre-
quencies of 19, 29, and 43 Hz. These peaks, "unique" to NORESS, have been associ-
ated with electronic interference of the fans in the surface vault, but they have also
been noticed on noise spectra of the early borehole installation at NORESS (Fyen,
1987). Two of the peaks of the NORESS spectra (14 and 17 Hz) are also found in
the spectra of the horizontal data from the GS-13 and S-750 instruments at KKL, but
cannot be seen in the spectra of the vertical component S-750 at KKL. In addition,
less prominent peaks at 20 and 40 Hz are common to all horizentals (including
those of the S-750) of the two stations. There appear to be no peaks that are
specific to the GS-13 instruments.

In ccullusion, it appears that many of the narrow peaks, which constitute a
dominant feature of the noise spectra, are generated by non-linear mechanical and
electrical process of the instruments and the recording systems. This is indicated
by the occurrence of clear peaks at the 50 Hz power line frequencies and the asso-
ciated suite of subharmonic peaks. Period doubling phenomena have been observed
for a variety of dynamical systems. Such period doubling starts out with oscillations
at a findamental frequency, and as some system parameter is changed the period of
the oscillations is doubled (Moon, 1987).

2.1.5 Concluding Remarks

In this note we compare power spectra of seismic noise recorded during gquiet
periods at the high-frequency element of NORESS and the NRDC high-frequency sta-
tion KKL in the Soviet Union.

e  The power spectrum of the vertical component surface noise data at NORESS is
equal to or smaller than that of KK in the frequency band 2 to 40 Hz. The
largest difference between the two,stations is about 10 dB and occurs at
around 4 Hz. At frequencies below 2 Hz and above 40 Hz the KKL spectrum is
up to 10 dB below that at NORESS Both spectra are equal to or smaller than
the NORSAR noise model, f , at frequencies less than 10-20 Hz. At higher fre-
quencies the two spectra are up to 10 dB above the NORSAR model.

e The decay of the power spectra with frequency does not follow a simple power
law throughout the instrumental bands. For example, the NORESS spectrum
has a pronounced minimum at 4 Hz, which may be utilized as a window for
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signal detection.

e The power spectra of the horizontal component noise data are found to be
lower than those of the vertical components at frequencies between 25 to 50
Hz.

e The borehole instrument at KKL seems to provide the largest noise reduction
(6 dB or so) relative to the surface instrument at frequencies in the band from
10 to 30 Hz.

e The noise spectra from data for all instrument components are dominated by
15-20 narrow peaks at frequencies above 1 Hz. Many of these peaks can be
described by the formula for a geometric series and appear to be generated by
non-linear mechanical and electrical processes of the instruments and their
recording systems. Such peaks impose limits for detection of weak signals of
interest in test ban monitoring.

Hans Israelsson
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3.1 ESTIMATING SPECTRAL SCALING OF SOURCE SPECTRA

3.1.1 Introduction

A frequently used simplified model for the amplitude displacement spectrum
of an earthquake recording in the far field is characterized by a constant level at
low frequencies (equal to the seismic moment, M, at zero frequency) up to a corner
frequency, beyond which it drops fast with increasing frequency.

Several models have been proposed to represent the spectral rolloff at higher
frequencies and the scaling of corner frequency with seismic moment. Chael (1987)
and Chael and Kromer (1988) used a forward-modelling approach to select a model
that best fit observations from earthquake suites in New Brunswick and Western
Norway. Spectral ratios for observations were compared with a few theoretical
models. Although such comparisons show convincing support for models with a
rolloff proportional to frequency squared, it may not be possible to make a clear
choice between models for different scaling of the corner frequency (Chael, 1987).

In this note we present an approach to estimate the rolloff and the scaling
parameter directly from the data rather than trying to choose from comparisons
with a few theoretically calculated models. We use the ratio model introduced by
Chael (1987) as a basis and formulate the estimation problem as a non-linear
weighted least squares procedure. The procedure is also tested on some synthetic
examples with varying degrees of noise added.

3.1.2 Source Models

Following Chael (1987) the amplitude displacement of the source spectrum can
be written as:

b'MO

IS = ——75

|

where b is a constant and M, the seismic moment. Rolloff values of 4=2 and 3 have
been used in the literature. The corner frequency, w, scales with the seismic
moment as:

14

Wo

0)0 =
M
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k is a constant, which depends on the value of §, which in turn is assumed to be 3
and 4 for constant and increasing stress drop models respectively.

The ratio of the power spectra of events with seismic moments My, and M,
and with the same source model can be written as:

2 [ [1+(—w—)2}
Mo “ol

R = .
21(w) [Mm ]

Here wy, is the corner frequency of event with moment M,,. Using a suite of events
with different moments at the same hypocenter we formulate a procedure to esti-
mate the parameters 4 and §. We assume that we know only the moment of the larg-
est event. This means that in addition to the rolloff and scaling parameter, the
corner frequency of the largest event and the moments of the other events are
estimated as well.

3.1.3 Weighted Least Squares Formulation

We assume that we have a suite of J events and then calculate the spectral
ratios, ¥, with j=1,..J-1 between the reference event ( J ) and the j-1 unknown
events for frequencies w; with i=1,..,I. For each ratio value there is also a weighting
factor, w; which is equal to 1 if the signal to noise ratios for the two amplitude
spectra of the ratio are greater than a certain preset threshold, otherwise it is equal
to 0.

We also assume that we know the moment of the largest event ( M) in the
suite of events that is considered. Now we form the least squares sum:

1LJ-1 )
1
Q= TR -inlngIWij- [log(VU)—logf(é,'y.wo_,,moj,w‘.)]
L wy
isl,j=1

where:
2 2

Wr Wi
e 2]
Woy “os

1+

logf(‘s"T’WOmeoj,w’) = 2.log(m0j)"7' [log
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Here wy, is the corner frequency of the largest event, and the parameters:

Moj
mOj =
MQ]

We try to find values of §vwgy, , and mg; so that Q is minimized. These values are
then our estimates.

In order to minimize Q, we use an IMSL algorithm based on the quasi-newton
method (zxmwd: see IMSL, 1982) to find the values of the parameters that are
estimated for a global minimum of Q with constraints on the parameter values.

3.1.4 Examples With Synthetic Data

The algorithm described above was applied to some examples of synthetic
data. The moment of the main event was set to 2.4-10%* dyne-cm and moment ratios
of this event to three other smaller events were assumed to be 0.5, 0.2, and 0.1.
Noise generated with a Gaussian random number generator was added to spectra
prior to forming the ratios. Spectra were computed for 4=2,3 and for §=3,4. The
ratios for these four cases are shown in Figures 1-4

Using the frequency band of 1-30 Hz with ratio values every 0.1 Hz the follow-
ing estimated values were obtained:

COMPARISON OF TRUE AND ESTIMATED VALUES

Parameter True Estimated
- Value 2-3 2-4 3-3 3-4

Wy 0.70 0690 0.675 0.723 0.689
Mg, 020 0.196 0.195 0.205 0.197
Mg, 0.10 0.097 0.097 0.102 0.098
My3 0.05 0.048 0.048 0.049 0.048
~ 2,008 1.934 3.159 2959
B 2993 3.814 3.161 3.932
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Figure 1. Spectral ratios for five events with rolloff 2 and scaling factor 3. The
moment of the largest event, 2.410% dyne-cm, and the ratios to the smaller events
are 0.5, 0.2, and 0.1. Random noise has been added to the power spectra before
forming ratios.

3-4




Slope 2, Scaliag

.
-
L
. \ronnte
- [
L}
[-]
- e
=ik
o ¢
)
=
»
[ ]
~
-t
!.
1 X -
i -+
o 7
[-]
-’
-
- b=
)
"
- ! 1 i
)
[ % ] 1 $ 10 11}

TRRQVINCY (X2)

Figure 2. Spectral ratios for five events with rolloff 2 and scaling factor 4. The
moment of the largest event 2.4-10% dyne-cm, and the ratios to the smaller events
are 0.5, 0.2, and 0.1. Random noise has been added to the power spectra before
forming ratios.
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Figure 3. Spectral ratios for five events with rolloff 3 and scaling factor 3. The
moment of the largest event 2.4-10% dyne-cm, and the ratios to the smaller events
are 0.5, 0.2, and 0.1. Random noise has been added to the power spectra before
forming ratios.

3-6




L06 ANPLITEDZ RATIO

$lope 3, Scalinmg 3

- W . \
'-uu-” 1A wp h oy P |

-

=

- B q i

! ! $ 10 .

razovINCY (x2)

Figure 4. Spectral ratios for five events with rolloff 3 and scaling factor 4. The
moment of the largest event 2.4-10% dyne-cm, and the ratios to the smaller events
are 0.5, 0.2, and 0.1. Random noise has been added to the power spectra before
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3.1.5 Comments

In this note we presented a procedure to estimate the rolloff and scaling
parameter for corner frequency-seismic moment from spectral ratios of a suite of
events at the same location and of the same type of source function. If the seismic
moment of one (usually the largest event) is known, seismic moments for the other
events can be estimated, as well as the corner frequency for the event with known
moment. Corner frequencies for the other events can be obtained directly from the
other estimated parameters,

Hans Israelsson
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4.1 WAVEFORM CORRELATION OF CLOSELY SPACED REGIONAL
EVENTS

4.1.1 Iutroduction

In regional seismic monitoring one sometimes distinguishes between model
based and case based approaches to identify seismic events (Dysart and Pulli, 1987).
The model based approach aims at defining some discriminant from the recorded
waveforms that will in general identify events regardless of region. The discrim-
inant should also relate to the physics of various seismic source types, like the ratio
of radiated P and S wave energy. In spite of a number of studies, no single model
based method has so far been defined that performs successfully regardless of
region.

In contrast, the case based approach attempts to take advantage of the repeata-
bility of records from events in the same source area for location and identification.
Similarities of waveforms recorded from closely spaced sources have been reported
for several regions in the literature. For example, seismograms recorded at NORESS
from several events events at the Titania mine (400 km distance) showed remark-
able similarity in time history (Jurkevics, 1987). Records are not only consistent for
a particular area, but may also be distinct from those at nearby locations. In the
western USSR (about 1000 km from NORESS) marked differences have been
observed between records at NORESS of events at neighboring mines only 25 km
apart (Suteau-Henson and Bache, 1988). From visual inspection of recordings of
mining explosions, experienced analysts have even been able to pinpoint the partic-
ular mine of origin. The case based approach is thus based on knowledge acquired
from the recordings of many events from a particular area, and a new event is iden-
tified by waveform comparisons with events previously recorded in the region.

Even if waveform repeatability has been observed in several cases, it seems
that the case based approach has not yet Leen fully explored. In particular, if one
considers that the number of observations used to demonstrate repeatability is
usually quite small (i.e., a handful compared to the total number of regional events
detected and located). The NORESS array, for example, reports an average about 30
events on a working day. The purpose of this note is to study repeatability and
patterns of regional records from a fairly large number of events within a small

area. An attempt is made to utilize automatic procedures to compare and group
seismic waveforms.

4.1.2 Effects and Waveform Data

The seismic events used in this study were all located within a small region, 50
by 200 km, in Central Sweden. In fact, this region has the highest density of events
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detected and located by NORESS. Most of the events are located in mining districts
and are presumed to be ripple fired quarry blasts.

The High Frequency Element

Because of the current interest in high frequency recordings and short epicen-
tral distances (around 200 km), data recorded at the high frequency element of
NORESS were selected for the analysis. Two types of instruments have so far been
used for high frequency recordings, and the analysis here is based on data recorded
with only one of them, Teledyne Geotech GS-13 seismometers installed in a surface
vault at the central elements (NRAO) of the array. These inst. .. ents with associ-
ated recording systems have responses that are essentially flat to ground velocity
in the frequency band 2-50 Hz, and the data sampling rate was 125/sec.

Evert Selection

A total of about 1500 events were detected and located by NORESS in central
Sweden between January 1, 1986 and June 30, 1988. About 1000 of these were
detected when the GS-13 instruments were in operation, and digital data were avail-
able at the NORESS high frequency waveform database at the Center for Seismic
Studies for about 700 of these events. Waveform data for 222 events were selected
from the database and reviewed with regard to data quality. In order to minimize
tape handling, this selection was based on the number of events available on each
tape of the database. In the review process 85 events were rejected for various rea-
sons (e.g., insufficient SNR, spikes in the data, uncertainties about horizontal com-
ponents). This left 137 events to be used in the analysis.

Epicenters and magnitudes, ML, reported in the NORESS bulletin for these
events are listed in Table 1. The relative locations of the events are illustrated in
the perspective diagram of Figure 1. None of the events were reported in seismic
bulletins based on local station networks in Fennoscandia, and the epicentral accu-
racy is limited by the location accuracy of the array. The uncertainty of a NORESS
location is in turn determined by the uncertainties in the backazimuth and distance
determinations, discussed in the following section. The magnitude distribution of
the events is shown by a histogram and normal distribution plot in Figure 2, which
indicates that ML has a median of 1.2, ranges between 0.8-2.1, and is approximately
normally distributed for ML<1.5. For comparison, relative P and S wave amplitudes
in the 2.5-4.0 Hz frequency band are plotted in Figure 2 as well. There is some
scatter in the P/S wave amplitude ratio, which ranges almost over half an order of
magnitude, indicating considerable variation among the waveforms.
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TABLE 1

Date Time Epicenter ML Event
| Year Month  Day | Hour Min  Sec Lat(N) Long(E) - #
86 12 17 11 47 39.1 59.9 14.7 1.3 1
86 12 17 16 29 40.7 59.9 14.7 1.1 2
86 12 17 19 13 49.4 59.9 14.9 1.2 3
86 12 18 2 2 5.4 60.0 14.8 1.5 4
86 12 18 11 48 26.9 59.9 14.7 1.6 5
86 12 18 11 52 304 60.3 15.0 1.3 6
86 12 30 10 22 6.6 59.9 14.7 1.2 7
86 12 "0 11 43 9.7 59.9 14.8 1.3 8
86 12 30 18 26 254 59.7 14.5 1.2 9
86 12 30 18 45 12.0 60.3 15.0 1.1 10
87 1 22 9 27 19.6 60.3 15.1 1.0 11
87 1 22 11 35 29.4 60.1 15.0 1.1 12
87 1 22 15 0 13.2 59.8 14.5 1.0 13
87 1 22 19 S 14.4 59.9 14.7 1.4 14
87 2 18 11 55 31.7 60.0 14.7 14 15
87 2 18 19 8 32.5 60.3 15.1 1.0 16
87 3 3 11 53 41,1 59.9 14.8 1.3 17
87 3 3 19 16 20.8 60.0 14.7 1.0 18
87 3 3 22 50 34.8 60.0 14.9 1.0 19
87 3 4 2 3 56.3 59.9 14.7 1.2 20
87 3 4 11 55 1.5 59.9 14.7 1.6 21
87 3 4 12 57 23.7 60.8 15.1 2.1 22
87 3 4 15 27 27.7 59.9 14.7 1.2 23
87 3 6 1 58 58.6 60.3 15.1 1.2 24
87 3 6 14 56 53.2 60.1 14.9 1.1 25
87 3 6 18 40 0.8 60.7 15.1 1.0 26
87 3 6 19 3 42.6 59.9 14.7 1.0 27
87 3 13 6 1 22.0 60.2 14.9 1.3 28
87 3 13 7 10 44.3 59.9 14.7 1.1 29
87 3 13 11 34 58.1 59.8 14.7 1.3 30
87 3 13 17 22 15.0 59.9 14.8 1.0 31
87 3 13 17 28 289 60.2 14.9 1.0 32
87 3 17 9 56 8.6 60.7 15.2 1.2 33
87 3 17 10 15 57.1 61.0 15.2 1.4 34
87 3 17 15 S 59.9 60.1 14.8 1.6 35
87 3 17 15 23 14.1 59.9 14.7 1.2 36
87 3 24 23 31 315 60.1 15.0 0.9 37
87 4 21 9 36 45.8 60.8 15.1 1.9 38
87 4 21 14 23 10.4 60.7 15.2 1.1 39
87 4 21 17 10 8.1 59.9 14.7 1.1 40
87 4 24 6 58 48.1 60.2 15.1 1.1 41
87 1 24 10 31 13.8 59.8 14.7 1.1 42
87 4 24 17 41 53.3 60.0 14.8 0.8 43
87 4 29 16 32 9.6 59.7 14.4 1.1 44
87 S 19 7 23 19.5 60.7 15.3 1.1 45
87 ) 19 23 9 30.8 60.0 149 1.2 46
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TABLE 1 (Cont.)

Date Time Epicenter ML Event
Year Month Day Hour Min Sec Lat(N) Long(E) - #
87 5 22 10 27 3.7 59.9 14.7 1.3 47
87 ) 22 10 43 16.0 60.2 14.9 1.2 48
87 6 9 10 42 2.3 60.2 15.1 1.2 49
87 6 9 11 44 18.7 60.8 15.1 2.1 50
87 6 9 16 32 41,3 59.8 14.6 1.1 51
87 6 9 18 9 31.2 59.9 14.7 1.3 52
87 6 16 3 16 22.7 59.6 14.3 1.3 53
87 6 16 10 37 9.0 60.0 15.0 1.4 54
87 6 16 16 54 3.6 59.9 14.8 1.1 55
87 6 15 18 15 56.3 59.9 14.7 1.2 56
87 6 24 0 10 13.3 59.7 14.5 1.3 57
87 6 24 17 59 26.2 59.9 14.8 1.0 58
87 6 24 19 32 45.5 60.0 14.9 1.0 59
87 6 25 6 24 43.1 60.0 14.8 14 60
87 6 25 10 37 24.1 59.9 14.9 1.2 61
87 8 3 13 55 55.8 60.0 14.7 1.2 62
87 8 3 14 21 55.4 60.1 14.9 1.0 63
87 8 3 16 18 27.9 60.3 15.0 0.9 64
87 8 3 21 58 43.4 60.1 14.9 1.0 65
87 8 20 0 27 55.3 59.9 14.7 1.0 66
87 8 20 10 29 5.8 59.9 14.7 1.0 67
87 8 20 17 49 25.9 60.0 14.7 1.1 68
87 8 20 22 35 27.8 60.0 14.8 1.1 69
87 8 27 9 26 6.0 60.1 14.9 1.2 70
87 8 27 15 33 57.3 59.9 14.7 0.9 71
87 8 27 17 52 49.3 60.0 14.8 1.1 72
87 8 27 23 0 37.6 60.2 15.0 0.9 73
87 8 28 16 27 6.2 60.1 14.9 1.1 74
87 8 28 17 9 12.7 60.0 14.8 1.2 75
87 9 1 14 27 41.7 59.9 14.7 1.1 76
87 9 1 18 11 27.1 60.3 15.1 1.2 77
87 9 7 14 10 19.3 60.4 15.2 1.0 78
87 9 7 17 17 28.6 59.9 14.7 1.1 79
87 9 7 18 7 35.2 60.3 15.0 7.3 80
87 9 7 18 17 28.6 59.9 14.9 ¢.9 81
87 9 9 7 1 51.0 59.9 14.8 1.2 82
87 9 9 10 36 19.4 59.9 14.7 1.2 83
87 9 9 17 32 23.8 60.1 14.9 1.0 84
87 9 9 23 0 58.8 60.4 15.1 1.0 85
87 9 10 ) 12 49.3 59.9 14.7 1.2 86
87 9 10 10 37 13.2 59.9 14.8 1.1 87
87 9 10 16 26 48.2 60.1 14.8 1.0 88
87 9 10 23 39 18.9 60.1 14.8 1.1 89
87 9 29 1 56 35.1 60.1 14.9 1.0 90
87 9 29 11 31 46.0 61.0 15.2 1.3 91
87 9 29 12 12 20.5 61.0 15.3 1.2 92




TABLE 1 (Cont.)

Date Time Epicenter ML Event
Year Month Day Hour Min Sec Lat(N) Long(E) - #
87 9 29 19 8 23.3 59.7 14.5 1.0 93
87 10 1 15 39 23.3 59.8 14.5 1.1 94
87 10 1 16 18 36.1 59.8 14.7 1.1 95
87 10 6 11 39 6.1 60.3 15.1 14 96
87 10 6 18 58 0.9 60.2 15.0 1.2 97
87 10 30 1 410 6.0 60.0 14.7 1.2 98
87 10 30 19 39 55.3 60.2 15.1 1.1 99
87 11 4 0 27 36.7 60.1 15.0 0.8 100
87 11 4 18 52 48.6 60.2 15.0 1.1 101
87 11 5 1 50 20.3 60.1 14.9 1.0 102
87 11 5 23 27 35.8 59.8 14.5 1.1 103
87 11 10 14 25 26.9 59.9 14.8 1.0 104
87 11 10 22 5 529 59.8 14.7 1.1 105
87 11 18 7 50 46.1 59.9 14.7 1.1 106
87 11 18 18 56 349 60.0 15.0 1.0 107
87 12 1 7 22 36.5 59.7 14.6 1.2 108
87 12 1 18 46 4.0 60.3 15.0 1.3 109
87 12 16 20 32 35.7 60.3 15.1 1.3 110
87 12 22 11 27 17.2 59.9 14.8 1.3 111
87 12 22 12 45 53.8 60.8 15.1 1.8 112
87 12 22 22 33 50.9 59.8 14.6 1.3 113
87 12 22 23 43 57.6 60.2 14.9 1.1 114
87 12 28 1 17 30.3 60.3 15.0 1.2 115
87 12 28 13 24 51.9 60.2 15.0 1.0 116
87 12 28 18 34 24.5 60.3 15.0 1.1 117
88 1 4 15 25 3.0 60.0 14.9 1.3 118
88 1 4 16 18 24.8 60.3 15.0 1.1 119
88 1 4 18 413 54.0 60.3 15.1 1.1 120
88 1 7 17 21 16.9 60.2 15.1 1.1 121
88 1 27 6 36 514 59.8 14,7 1.1 122
88 1 27 15 24 36.6 60.1 15.0 1.1 123
88 2 10 11 17 318 60.3 15.0 1.1 124
88 2 10 15 50 56.6 59.8 14.6 1.2 125
88 2 10 18 2 37.1 59.8 14.5 1.2 126
88 2 10 18 49 46.5 60.3 15.0 1.2 127
88 2 10 22 58 29.6 59.9 14.8 1.3 128
88 2 23 7 22 48.8 59.6 14.4 1.3 129
88 2 23 9 57 56.4 61.0 15.3 1.3 130
88 2 22 11 30 40.3 60.3 15.0 1.2 131
88 2 23 16 12 39.0 60.3 15.0 1.1 132
88 2 24 6 1 57.3 60.2 15.0 1.1 133
88 2 24 11 8 7.3 60.8 15.1 1.7 134
88 3 9 16 2 49.2 59.9 14.9 1. 135
88 3 9 18 34 11.8 60.3 15.0 1.1 136
88 3 9 18 44 10.4 60.3 15.0 1.2 137
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Figure 1. 1he perspective diagram shows the density of the events studied. The
maximum is 17 events and the cell spacing is 5 km. The map shows the paths to
NORESS from the cpicenters.
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Figure 2. The histogram shows the number of events as function of magnitude.
The plot of magnitude as a function of cumulative distribution follows approxi-
mates a normal distribution at magnitudes below 1.5. The straight line represents a
normal distribution with a mean value of 1.14 and a stanaard deviation of 0.13 mag-
nitude units. The scatter diagram shows the maximum amplitudes of P and S wave
windows of vertical-component recordings in the band 2.5-4.0 Hz.
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The Path to NORESS

The paths from the epicenters to NORESS are also shown in Figure 1. The
phases Pg and P,, (and also Sg and §,) have theoretical arrival times within a few
seconds for a distance of 200 km. This means that there will be some interference
between these phases. Synthetics calculated with the reflectivity method and with
the standard flat-layer velocity model used in the NORESS locations (three layers
16, 24, and 15 km thick with P velocities 6.2, 6.7, and 8.1 km/s, overlying a halfspace
with velocity 8.23 km/s) for explosive sources close to the surface suggest, how-
ever, that Pg and Sg are the most prominent phases in this distance range.

Signal to Noise Ratio as a Function of Frequency

Since most of the events are in the low magnitude range, attempts were made
to define a frequency band with good SNR for the subsequent signal processing.
For this purpose the SNR was calculated as a function of frequency for each event.
Each record was filtered by a set of narrow bandpass filters that were obtained
from low- and high- pass Butterworth (three-pole) filters, at frequency f varying
from 0.1 to 50 Hz in increments of 0.1 Hz. The SNR at frequency f was then
defined by the ratio:

max|s(m:f)|
m

SNR(f) =
max|n(m;f)i

Here n(m;f) is noise prior to signal onset in a time interval of about 12
seconds as shown in Figure 3, and s{m;f) denotes the signal segment. The max-
imum amplitude of the noise and signal segments was determined in the appropri-
ate time intervals. Ratios were calculated as marked in Figure 3 for the four signal
intervals P, P-coda, S, and S-coda.

The SNR(f) for the two events in Figure 3 are typical of the data, and these
functions usually show a pronounced peak at some frequency (peaking frequency).
If the peaking frequency were the same for all events, a bandpass at that frequency
would thus provide maximum signal-to-noise ratio. The peaking frequencies for P
and S wave intervals are plotted in Figure 4 against the associated SNR (in dB).
There is a strong concentration of the peaking frequencies below 5 Hz for both P
and S waves. For about 10% of the events the peaking occurs at about 15 Hz or
higher. The peaking frequencies scattered above 30 Hz for the S wave data are
probably due to instrumental or local disturbances.
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Figure 3. Lxamples of waveforms for the events analyzed. The horizontal east-west
and north-south components have been rotated to the radial and the transverse
components. The SNR(f) as a function of frequency for four different segments of
the recorded wavetrains as marked in the seismograms are plotted below the
seismograms. These functions usually have a pronounced peak for the P and §
wave intervals.
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In general, a band below 5 Hz provides the best SNR for both P and S waves for this
data set, and in Figure 5 we see the empirical density distributions for P and S
waves at frequencies below 10 Hz. These are concentrated in a narrow band
between 2.5 and 4.0 Hz, which we will subsequently use for prefiltering of the data.

The fact that the maximum signal-to-noise ratio mostly occurs at such low fre-
quencies could be due to increased daytime high-frequency noise levels when most
of the events were recorded. Many of the events are also ripple fired, and delayed
firing of shots may reduce the high frequency content (Willis, 1963).

4.1.3 Waveform Similarity

In order to compare the waveforms recorded from the 137 events, we use
quantitative measures based on polarization (Jurkevics, 1987) and relative ampli-
tude of the records. In polarization processing, various useful attributes like
particle-motion ellipticity and orientation can be extracted from the polarization
ellipse, which in turn is defined by the three polarization axes resolved from the
covariance matrix of the three components recordings. Rather than use such polari-
zation attributes we employ the approach by jurkevics (1987) that simply forms
particle-motion signatures from the covariance matrix.

Similarity Measures

The band-filtered (2.5-4.0 Hz) seismogram of component i (i=1,2,3) for event
k is denoted s; (m). For each event, k, the covariance matrix R of components i
and j as a function of time t is defined as follows: .

m=T[2
(T-2m)
Ry(t)= & ——s(t—m)-s; (t—m)
m=-T2 T

The matrix Rzik is the 3 by 3 matrix of coefficients for a quadratic form, which
is an ellipsoid and is symmetric with six unique terms. The three diagonal terms of
Rvk are simply the envelopes of the three-component motions as a function of time.
The three unique off-diagonal terms are the cross-products between components

and they provide important information about the phase and orientation of the par-
ticle motion.

According to equation (1) the data are windowed into short overlapping time
segments, T seconds wide. The bandwidth of the filtered records and the window
length determine the frequency and time resolution. The data window is also
tapered, and its width is related to the center frequency of the passband in such a
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Poaking Zreguoncy (X1)

Figure 5. Estimated probability density functions for the peaking frequencies for P
radial and vertical components and the S radial, transverse, and vertical com-
ponents. The curves have been obtained by a non-parametric procedure by Becker
and Chambers (1984). The two curves with largest maximum values of the density
functions correspond to P (radial and vertical components), and the three curves
with smaller maximum density values and somewhat broader densities corresponds
to S wave data on the vertical, radial, and transverse components.
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way that each frequency component is assumed to be purely polarized over several
cycles. The tapered sliding data window has a smoothing effect that will make the
signatures less sensitive to minor variations in source and path properties. We use
a window length of about T=1.5 seconds and move the center of the time window
in steps (t) of about 0.5 s. The signature correlations were calculated from a data
window covering the entire wavetrain including both P and S phases.

Cross correlations between events k and | are obtained by cross correlating
the signature traces R, and Ry,. A summation of these cross correlations over the
channels i and j is then used to define a similarity measure, p;(7):

P = S (zRUk(t).RU,(t-r)/(zkgk(r)-zkg,(z-r)]"z] (1)
i>ji\t t t

In order to account for different amplitudes in the comparison of waveforms
we define the maximum amplitude of the three component recordings from the
maximum amplitudes (positive or negative) of one of the components (vertical,
i=1):

Ap=max [max(s,k(m)). Imin(s,,(m))I ]
m m

The maximum amplitudes defined in this manner can in turn be used to define the
following measure of similarity between amplitudes of two recordings:

pra(A)="\/min [ZR/A,,A,/Ak] (2)

This measure is normalized and is always in the interval (0,1), and because of the
square root it is not too different from 1 in cases with minor amplitude differences.

The two correlation measures (equations 1 and 2) are combined to define the
total correlation, p,;, between waveforms of events k and I:

T

The total correlation defined in this manner is used in analysis of the events. Exam-
ples of particle signatures and correlations are given in Figure 6 for event pairs
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Figure 6. Examples of using the cross-correlation algorithm for three component
data for events with high and poor correlation. The vertical component seismo-
grams are plotted in the center of each diagram, and the six unique components of
the covariance matrix as a function of time are shown.above the vertical component
seismograms. The cross correlation functions of the six covariance components
and the sum of the cross correlations are displayed below the vertical component

seismogran.

4-14




with high and low total correlation values, py,.

Correlation Values

Correlation values p,, were calculated for all possible event pairs (total of
137-136/2=9,316). The correlation values for all the event pairs are graphically
summarized by the image matrix in Figure 7.

In order to group similar waveforms we need to specify some cutoff value of
py; above which waveforms are considered similar. The correlation py,; depends on
the signatures of all ccmponents and their relation to each other, and wiil therefore
be sensitive to location of the event--in particular backazimuth, since the events are
presumed to have similar epicentral distance.

We use the uncertainty of the NORESS estimates of backazimuth to define this
cutoff value. The standard deviation of the azimuth error is 6 - 7 ° and we use a
minimum of 6.2 ° obtained by comparison with locations of regional station net-
works for regionalized set of events. In other words, we assume that the error in
backazimuth determined by NORESS for a group of events with identical sources
and locations would have a standard deviation of 6.2 °, and the difference in backa-
zimuths determined independently of pairs of such events would then have a stan-
dard deviation of V2-6.2 = 8.8 °. If the events were gradually separated from each
other, the standard deviation of the difference in backazimuths would increase, and
the correlation between waveforms would drop.

It is reasonable to assume that for the data studied here event pairs with high
correlations also have similar locations, and Figure 8 shows the standard deviation
of the azimuth differences as a function of correlation values for all event pairs.
The a priori value of the standard deviation is indicated by the horizontal line in
the diagram. For correlation values above about 0.7 the standard deviation is about
the same as this expected value, and at lower correlations it becomes significantly

larger. In the subsequent grouping we will therefore use this value as a cutoff for
similarity between event pairs.

A value of 0.6 for the cross correlation, based on one component only and
defined in an entirely different way, was used by Pechmann and Kanamori (1982)
and Thorbjarnardottir and Pechmann (1987) as a cutoff that separated well corre-
iated from poorly correlated events.

We use maxp,, as an indicator of the similarity of event k with that of the rest
Itk

of the events. In other words, if this value for a given event k is high there is at
least one other event with a similar record, but if it is low the event would appear
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Fgure 7. CGraphical representation of the matrix of event correlations for all 137
events. The darker the shading, the higher the correlation. The black diagonal
represent peifect correlation (1.0) and white arcas repiesent zeio correlation. The
image, which is symmetric around the black diagonal, contains 18769 elements 9316
of which are unique and or not on the diagonal.
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as "unique" in the data set. The distribution of these maximum values is shown by
the histogram of Figure 9. There are 24 events (or about 17% of all events) with

maxp,,<0.7 that thus would be characterized as unique.
Ik

4.1.4 Event Grouping

The locations and scurce properties for the events studied here are not pre-
cisely known, but from a visual inspection of the records it is reasonable to assume
that there are a number of events with close locations and similar source charac-
teristics. We can therefore attempt to group the data so that events within groups
are similar and unlike those from other groups without assuming anything about
the number of such groups This problem can be forma..y analyzed with clustering
analysis techniques (Everitt, 1986).

As a first attempt with this technique we apply hierarchical clustering, which
operates on the matrix of pairwise correlations between the event waveforms
(graphically illustrated in Figure 7). The hierarchical clustering consists of a series
of "fusions” of events into groups and in each step of this process events or groups
of events that are most similar are fused together. We use the single linkage
method, in which the groups initially consist of single events. As the clustering
proceeds, groups are fused according to members with highest correlation. The
correlation between groups is defined as the highest coriclation between members.

The results of this clustering are summarized by a dendogram or cluster struc-
ture tree in Figuare 10, which shows the successive fusions of events. If we use 0.7
as a cutoff value between groups, the events can be grouped into one large grcup
with 98 members according to the dendogram. In addition, there are two groups
with fou. and two groups with two members. In the larger group there are also
hree subgroups with very high correlation {above 0.85) among the membets. That
is to say that about 80% of the events can be grouped in one way or another, with
one large grovp that contains about 70% of the events.

The hierarchical clustering gives a re-ordering of the events as described by
the dendogram. In general, this re-ovdeting places similar waveforms close to each
other on the plot. The vertical-component records of the events have been plotted
according to this order in Figure 11. The records are plotted with the same ampli-
tude sensitivity as indicated in the figure. The event grouping including the sub-
grouping of the large group. is also marked in the record sections. There are
several examples of waveforins that are nearly identical over the entire icngth of
the records in Figure 11. However, most subg. ‘ups include only two or three
events. and there {s nc large suite of events with nearly identical waveforms It
should be noted that the similarity measure used here depends on the horizontal
components as well gs vertical, and that it is not a direc* correlation belween
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Figure 10. Dendogram or cluster tree structure as a result of luciarchical clustering
with the single link method. Above the cut off value of 0.7 the data cluster in one

large and a few smaller events.
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Figure 11. The filtered vertical component records of the high frequency element
at NORESS (site NRAQ). The records were aligned according to visually measured

first arrival times and arce plotted in the order obtained from the hicrarchical clus-
Lering.




waveforms but with the smoothed envelopes of the seismograms.

Event Group Epicenters

If we assume that events grouped together by the similarity measure also have
the same location, an improved estimate of the epicenter can be obtained from the
NORESS locations of these events and a priori assumptions about the uncertainties
in determinations of backazimuth and distance. We assume that the azimuth and
distance error are both normally distributed, with zero mean (unbiased) and stan-
dard deviations Oy (6.2 degrees) and o, (3.7 km) respectively.

For a group of n events with backazimuth ¢; and distance, ¥;, the confidence

region of the epicenter (specified by uncertainties in distance and azimuth)
becomes:

- 34,
t .
¢:t 1=Vi-a
n-1
- Sr
y4t .
Vi vy

Here t is the standard t distribution and 54 and s, are the standard error of the the
backazimuth ( ¢,) and distance (r,), respectively. If backazimuth and distance deter-
minations are independent, then the confidence level is 1—a. The point estimates ¥
and Z) for all event groups and the 95% confidence region for the large event group
are shown in Figure 12 together with the NORESS epicenter determinations of the
events. The extent of the confidence region, centered around 60.03° N and 14.84°
E, is about 10 km. The standard deviation of the epicenter errors due to rounding

errors in the NORESS bulletin (latitude and longitude given to 0.1 degree) is about 2
km.

The shape of the confidence region is a circular sector since we approximate
with plane geometry, and this approach of obtaining confidence regions for arrays
operating at regional distances can be used for single events as well if the t-
distribution is replaced by a normal distribution (Cf. confidence ellipses for spheri-
cal geometry by Bratt and Bache, 1988).

Confidence regions for the epicenters of the smaller event groups were not
calculated since the number of events ranged only between 2 and 4. However, the
northernmost group of four events, all with the same NORESS epicenters (60.8N and
15.3E), seems to be at a sighificantly different location from that of the large event
group.
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Similarity as a Function of Source Separation

The degree of waveform similarity between two events recorded at the same
instrument is a function of differences in path and source characteristics. For
identical source pairs the correlation will be a function only of path differences,
which sometimes are approximated with source separation. For example MacLaugh-
lin et al (1983) approximated the correlation of waveforms recorded across an array
as a function of array coordinates, with an exponential function of the moduli of
the coordinates. If one simplifies further and assumes isotropic conditions, the
correlation will have an exponential decay with source (or receiver) separation, d.
We write this decay as e—d/a. with the constant a being a characteristic distance for
the source (or receiver) region. A smoothed curve fit to the cross correlations
obtained here as a function of source separation (from the NORESS locations) is
shown in Figure 13. This curve is almost flat to about 40 km, and at larger dis-
tances drops exponentially with different rates for different distance intervals. The
flat part of the curve is caused by a bias in distance between event pairs computed
from the NORESS locations. With assumptions about the distributions of the errots
in backazimuth, §, and epicentral distance, §,, this bias can be estimated. Let ¥;
and ¢; be the true distance and backazimuth from NORESS for event i. The round-
ing errors of the latitude (§yi) and longitude (€,;) reported for event i in the
NORESS bulletins can be assumed to be uniformly distributed over the intervals (-
5.6,5.6) and (-2.8,2.8) km respectively. The estimated coordinates of the event in a
Cartesian plane with NORESS at the center can then be written as:

X,- = (ri+gri).8in(¢i+€¢i)+€){i
and
Yi= (ri+§n-)'COS(¢,~+E¢,-)+§y,-

The separation between two events from the epicenters determined by NORESS is:

8y =V x=x) +(y;~y))°

whereas the true distance is:

Z P4
dy =1 +r]=2:1p1;c05 (§—4))

Even 1f the ¢ variables have standard distributions, the ‘SU variable does not.
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We therefgre used random number generators for normal and uniform distributions
to generate a sample of observations for this non-standard distribution (9316
observations), with r,.=rj=200 km and ¢;=¢;=111.0 degrees. This sample has a
skewed distribution and 6u fits a normal distribution resonably weil. The median
value, E(6U.), for this sample was 21.36 km, which thus would represent the bias in
the correlation curve. By subtracting this bias the characteristic distance, a4, can
now be estimated from:

E(85)~;

log (p;;)

The median value of diz‘ was 8.0 km if the data were limited to pU>O.6 (5024
event pairs). Although there is a very considerable scatter in the ﬁU values, the 95%
confidence interval (Claerbout, 1976) for the median is limited to 7.0-9.5 km. Simi-
lar results were obtained for data with /’u>0°8 (1032 event pairs). This is in qualita-
tive agreement with the characteristic distance obtained from corrlelations between
station pairs of the NORESS array (Cf. Figure 13). The correlation of Pg across
NORESS in the frequency band 2.4-4.8 Hz, which is fairly close to the one used here,
is shown in Figure 13 with a linear regression fit to an exponential decay e"d/a.
The characteristic distance, a, estimated from this data is about 10 km. Thorbjanar-
dottir and Pechmann (1987) get correlation values that fall below 0.6 within 0.4 km
for the band 1-2 Hz and within 0.2 km for the band 2-4 Hz, which correpond to
characteristic distances of about 0.8 and 0.4 km respectively.

Triangulation with the Cross Correlation

If cross correlation as a function of source separation, d, is known, together
with the precise epicenters of at least three reference events at different locations,
triangulation can be used to estimate epicenters of other events from cross correla-
tions. This of course presumes that the events have the same source characteris-
tics. Figure 14 shows the results of an example with this approach. This is
included only for the sake of illustration; actual locations cannot be made without
knowledge of the epicenters of the referenc  vents. Three events (k=1,2,3) that
had high correlation among each other werc selected as reference events. One of
these events was then arbitrarily given the center coordinates and one of the two
remaining events was placed on the positive x-axis at distance, —-a-logp12 from the
center. The coordinates of the third event were obtained from distances to the
other two ( —a'logpl3 and —a-logp,;) of two possible locations, the one in the first
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NORESS epicenter determinations. The dark line in the middle represents an
exponential decay of the correlation as a function of the source separation obtained
from a median estimate of the characteristic distance, . The thin lines in the same
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in the lower part of the figure represent results obtained for the NORESS array of
Pg in the band 2.4-4.2 Hz (Mykkeltveit, 1983).
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Figure 14. Relative location of events in large event group as obtained in an experi-
ment that illustrates the triangulation method.




quadrant being arbitrarily chosen. Relative location of the remaining events was
obtained iteratively. In each step of this process a new event, having the largest
number of correlation values with reference events above a certain minimum corre-
lation threshold, pp;,, was added to the set of reference events. In the iteration this
threshold was gradually reduced from 0.95 to 0.7. This means that initially, events
close to the reference events were added and as the iteration proceeded events
further and further away were added. The relative coordinates X and y of a new
event, /, is obtained by minimizing the sum;

1 2
]
Q=""S¢ [—log (py)a —\/(xi—x)‘+y,-—yz]
l_JeU =1

The summation operator, ¢, is 1 if py>py,;,. We also require that Ze;>3. The circle
about each event in Figure 14 is an indication of the spread in the estimated co-

ordinates, i.e, VQ/(Ze;—1).

Similarity at High Frequencies

The results for waveform correlation presented above are limited to a band
with rather low frequencies, 2.5-4.0 Hz, since the SNR is usually low at higher fie-
quencies. There are, as indicated in Figure 15, some events with high SNR at high
frequencies, like a suite of five events that all have NORESS epicenters at 60.8N and
15.3E. Correlation values based on particle signatures were calculated for these
events, for portions of the records that were windowed for P and S waves (Cf. Fig-
ure 3). Calculated py; in these frequency bands, shown in Figure 15, indicate high
correlations (0.90 or more) for data up to 20 Hz for P waves and 15 Hz for S wave
data.

As a quantitative statement about the spatial clustering of earthquake aft-
ershocks, it has been suggested that events with very similar waveforms at a partic-
ular wavelength can be assumed to have source lccations within one-quarter of that
wave length (Geller and Mueller, 1980). Results for records of mine blasts by
Thorbjarnardottir and Pechmann (1987) provide support for this hypothesis. If we
use this argument for high-frequency correlations for the group of events near
60.8N and 15.3E, the quarter wavelengths are about 100 m or less (assuming P velo-
city of 6.2 km/s). The quarter wavelengths obtained for the P and S wave data in
Figure 15, using a cutoff at 0.9 of the correlation, are fairly consistent with a V3
ratio for to P and S wave velocities except for one of the event pairs, for which the
S wave correlation drops at about 4 Hz. Source separations derived from the quar-
ter wavelength argument are of course only quantitative in nature. Frankel and
Clayton (1986) demonstrate with synthetic examples that a decrease in waveform
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correlation may also depend on the medium characteristics, and not simply on a
fixed fraction of the wavelength.

Considering the 200 km epicentral distance for the five events in Figure 15,
the frequencies at which their waveforms have strong correlations are high com-
pared to results from other studies. Thorbjarnardottir and Pechmann (1987) study
data recorded from mine blasts at about 100 km and get correlations (belween two
traces) around 0.6 or higher in the frequency band 2-4 Hz, but little or no correla-
tion in higher frequency bands. Geller and Mueller (1980) observed very high corre-
lations for regional earthquake data at less than 100 km for frequencies up to about
5 Hz. Lack of correlation at higher frequencies was attributed to very small scale
crustal heterogeneities and scattering.

4.1.5 Concluding Remarks

In this note we have studied waveforms recorded at the high frequency ele-
ment of the NORESS array, from 137 events in or near the mining districts of Cen-
tral Sweden at epicentral distance of about 200 km from the array. The 137 events,
recorded between Jan 1, 1986 and June 30, 1988, constitute about 10% of all the
events that were detected and located in this area by NORESS for this period.
None of these events, which are in the magnitude range ML=0.8—-2.1 has been
reported in event bulletins based on local station networks in Norway and Finland,
and the epicentral accuracy is therefore limited by the location accuracy of the
NORESS array. Even if most events are believed to be ripple fired no explicit infor-
mation on intrinsic source properties were available in this study. This situation,
with uncertainties about both precise epicenters and source characteristics, is
somewhat similar to the test ban monitoring case, where stations have tc be
deployed in an area with which the verifying party has little or no previous experi-
ence.

The case-based approach for regional event detection and identification
assumes that events can be identified on the basis of similarity with nearly identical
waveforms of previously recorded events. Visual inspection of the records
analyzed here indicated that there were comparatively few pairs or groups of nearly
identical records, and that some variability seemed to be a significant characteristic
of the data set. In order to quantify the comparison, waveform correlations were
therefore calculated for all event pairs.

Waveform correlations based on the covariance mattices of the three com-
ponent recordings as introduced by Jurkevics (1987) and the maximum amplitudes
of the recordings were calculated from traces filtered between 2.5-4.0 Hz, the band-
pass in which the SNR consistently peaked for the events. The correlation defined
in this manner is somewhat unsensitive to minor variations in waveforms due to

4-30




data smoothing, and is quite sensitive to th ee-component recordings and thus
location of the events in terms of backazim. . Cutoff values of che cross correla-
tions to separate waveforms with poor and good correlation values were defined
from the s*atistical uncertainty in backazimuth estimates of the NORESS array.

The events are grouped with hierarchical clustering analysis, using the single-
link method, into one large group of 98 events and four smaller groups with 2-4
events each. Several subgroups of 2-5 events could also be identified in the large
event group at higher cut-off values. The NORESS epicenters of the events in the
large event group were scattered over an area of 20 by 75 km. If one assumes that
these events had the same location, the 25% confidence region of the epicenter has
an aperture of about 10 km. If the waveform correlation between nearby events is

reduced monotonically as a function of source separation in a known manner, rela-

live epicenters between near events can be determined from their correlation
vaiues. This approach is illustrated for an exponentjal decay of the waveform
correlation with source separation. A numerical example is provided by a least
squares procedure applied to the large event group.

High correlation values were obtained at frequencies above 15 Hz for one of
sinaller event groups. These frequencies are significantly higher than those
reported in other studies, and the quarter wave length argument constrains the epi-
centers of these events to within 100 m.

Hans Israelsson
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4.2 EFFECT OF SCATTER IN DELAYS OF RIPPLE FIRING

4,2.1 Introduction

Several methods with a potential for identifying ripple-fired mine explosions
have been suggested in the literature. A summary of studies in this field and the
standard seismic source model for ripple-firing, together with its effect on recorded
signals and culculated signal spectra, has been given by Baumgardt (1988). That
seismic source model was based on the assumption that a series of explosions at
the same location are fired one-by-one with equal delay between subsequent shots.

Smith (1988) introduced a factor to account for the spatial distribution of the
individual shots, which was also considered by Hedlin et al. (1989). However, both
Smith and Hedlin et al. found that the effect of this factor on the time delays was
negligable for the data in their studies.

Although the standard model assumes a regular time spacing between indivi-
dual shots, it has also been recognized that scatter in the shot delays occurs and
that this will primarily suppress the high-frequency harmonics of the spectra of
recorded signals. Smith. (1988) noted that 20% timing variations had only small
effects on the spectral peaks associated with the delay. Hedlin et al. (1989)
observed that deviations between actual and intended delay times could be as high
as 34% for some ripple-fired quarry blasts in the Eastern U.S. They also demon-
strated the effect on higher harmonics with a synthetic example for which the stan-
dard deviation was 10%.

In this note a model is presented for ripple-firing that includes scatter in the
delay times of the individual explosions. Analytical expressions for the resulting
modulation of the source spectrum are derived and simulated examples are com-
pared with the analytical solutions. The variation of delay times are discussed for
some cases of ripple-firings which have been studied in the literature.

4.2.2 Model

The source function, x(t), as a function of time, t, for a ripple-fired explosion
consisting of N equal explosions delayed by 7, can be written as:
N-1
X(t)= £ s(t-r)
k=0

s(t) is the source function for the individual explosions. It is assumed that each
explosion has the same source function and that the delays-between shots are mul-
tiples of At :
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Tk=k’At

The source function is often represented by its Fourier transform:

X(iw)=S(iw)yM(iw)

where M(iw) is a modulation factor that introduces a scalloping effect on the spec-
trum of the source function:
N-1
M(iw)= & exp(—i-w-k-At)
k=0

A stochastic error term, ¢, is added to the delay time, r,4¢, so that the Fourier
transform of the modulation function becomes:
N=1

M(iw)=k§0exp [-—i-w- [A_t-k+ek ]]

We assume that the error, ¢, is gaussian with zero mean and a standard deviation of
o. This means that the scatter in the delay is the same for all delay times regardless
of the average length of the total delay, which for shot k is equal to Az(k-1).

The power spectrum of the modulation function can be written as:

N-1 N-1
M(iw)~M'(iw)={ T exp [—i'w(At'k+ek)]}{ T exp [i-w-(At'k-g-ek)]}
k=0 k=0 ;

The average value (expectation operator) of the power spectrum becomes:
{(l—cos(arN'At),]

E(M(iw)M (iw))= exp(=(o-w)?)+N-(1-exp(~(0w)°)
{(l—cos(w'At))]

The ¢, are assumed to be independent and the concept of characteristic functions
are utilized when applying-the-expectation operator i.e.,

E{exp(—i-ck)}=exp(—az/2)

The expression for the power spectrum of the modulation function includes two
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parts. The first part consists of the standard modulation factor weighted with an
exponential decay term, the decay rate of which is proportional to the squared pro-
duct of the frequency (angular frequency, « ) and the standard deviation (¢ ) of the
delay time. The second term increases with frequency towards the asymptotic value,
N, which is equal to the number of shots. At higher frequencies this term adds
white noise to the modulation of the spectrum.

Figure 1 compares the average modulation spectrum calculated from the for-
mula above to the average of 1500 simulated spectra with scatter in the delay times.
The simulated values were obtained from a random number generator and are in
general agreement with the curves derived from the analytical expression above.
The ratio of these two average spectra deviates less than about 3% from 1
throughout the frequency band.

In Figure 2 the modulation function of a series of 5 shots with a delay time of
At=100 ms is compared with the average value of the modulation function with a
10% scatter in the data i.e, =10 ms. The modulation function for the series with
no scatter in the delay time is characterized by a reguar pattern of equal amplitude
peaks while only 4 peaks can be cleariy seen on the average curve for the series
with scatter in the delay times. Figure 3 shows an example of the spectrum of one
simulated modulation function for a series with 10% scatter.

4.2.3 Examples

In this section, the effect of 10, 20, and 30% scatter in the time delays for some
configurations of ripple-fired explosions that have been studied in the literature
are illustrated. The first example comes from Baumgardt and Ziegler (1988) who
produced synthetic examples of 30 shots with delay times of 125 ms. They assumed
no scatter in the delay times and a maximum frequency of 20 Hz. On the basis of
the sharp peaking of the modulation function at frequencies of 8 and 16 Hz they
concluded that the number of explosions in the ripple sequences they studied was
4 or less. Figure 4, shows the effect of scatter in the delay times for this case. It
compares the average amplitude spectrum for 10, 20, and 30% scatter. For 20%
scatter the peak at 16 Hz has almost disappeared.

Hedlin et al. (1989) discuss a synthetic example with 50 shots having 63 ms
delay time and- 10% scatter, i.e., ¢=6.3 ms. ‘Figure 5 shows average spectra for this
case with 10, 20, and 30% scatter in the delay times. Again, the peaks at higher fre-
quencies are strongly suppressed, and for 30% scattering even the first peak at 16

Hz is lowered to 20% of its non-scattered value. The spectral level around the peak
is high.

Finally, in Figure 6 we have calculated the average amplitude spectrum of 16
shots with 50 ms delay to approximate one of the explosions (B) studied by Smith
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Figure 1. The ratio of the average power spectrum of the modulation function
obtained from the analytical expression derived in the text and from 1500 simula-

tions.
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Figure 2. The amplitude spectrum of the modulation function for 5 shots at 100 ms
delay and with (circles) and without (lines) scatter in the delay times (10%). The

spectrum for the case with scatter represents the average spectrum and was
obtained from the formula derived in the text.
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Figure 4. The amplitude spectrum of the modulation function for ripple fire con-
sisting of 30 shots with 125 ms delays and 10, 20, and 30% scatter in the delay
times. This is a case studied by Baumgardt and Ziegler (1988).
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Figure 5. The amplitude spectrum of the modulation function for ripple fire con-
sisting of 50 shots with 63 ms delays and 10, 20, and 30% scatter in the delay times.
This is a case studied by Hedlin et al. (1988).
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Figure 6. The amplitude spectrum of the modulation functiion for ripple fire con-
sisting of 16 shots with 50 ms delays and 10, 20, and 30% scatter in the delay times.
This approximates a-case studied by Smith (1988).
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(1989). It can be sean that the "signal-to-noise" ratio of the primary peak for 20%
scatter is only about 2. The signal-to-noise ratio of a peak is defined as the ampli-
tude of the peak divided by the level of the power spectrum at frequencies just
below and just above the peak.

4.2.4 Conclusions

Simulations of ripple fired explosions with Gaussian delay time errors can be
made using an analytical expression for the power spectrum of the modulation
function of a standard model for ripple fired explosions. This expression, which
accounts for scatter in the delay times, can be used to study the expected effect of
spectral peaking and scalloping of the modulation function for various configura-
tions of ripple fired explosions. The computational examples illustrate that a 20%
scatter can significantly attenuate the secondary harmonics of the spectrum and
reduce the signal-to-noise ratio ¢f the primary peak. This, in turn, makes it more
difficuit to establish that a recorded seismic signal is from a multiple source
through the use of spectral scalloping.

Hans Israelsson
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4.3 CHARACTERIZATION OF REGIONAL EVENTS RECORDED AT
NORESS AND THE NRDC STATIONS

4.3.1 Introduction

Accurate location and identitication of seismic ecvents, and discrimination
between various types, such as earthquakes, mine blasts and nnclear explosions
depend on our ability to characterize their signals. Characterization of the
numerous small events recorded at ‘ucal and regional distances is complicated by
several factors. lLow signal-lo-noise ratio, cwmplex regional path etfects, and
interference of varicus seismic phases contribunte to obscare signel characteristics
due to source type,

Regiona! discriminants have been proposed, including P- to S-wave spectral
ratios, depth phases, and spectral complexity. The use of signal characteristics to
accurately locate and identify repeated events from a given mine or seismic area
has also received attention. Recent studies made use of the large datahase pro-
vided by the NORESS regional array. Dysart and Pulli (1988) characterized regional
events at NORESS using waveforms, spectra and cepstra. Baumgardt and Ziegler
(1988) showed how spectral modulations due to ripple-firing and their correspond-
ing cepstral peaks can help characterize and identify mine explosions. Suteau-
Henson and Bache (1988) analyzed series of events at known mines and studied the
repcatability of their-waveform and-spectral characteristics.

Although these methods of event characterization have met with some Luccess,
the following questions need to-be addressed:

e low does event characterization deteriorate as signal-to-noise ratio
(SNR) decreases or epicentral dislance increases?

¢ tow do such methods perform for data recorded at a single station
withottt the benefits of array-averaging?

e At NORESS, the analyst can use ancillary information from local
seismic networks (operated by Bergen and Helsinki Universities), the
location of known mines, and the available knowledge of mining prac-
tices. Can characterization techniques help locate and identify events
in an "uncontrolled" situation, such as that encountered with data
from the NRDC network within the Soviet Union?

In this report we begin to address these questions for events at local and far-
regional distance ranges. We characterize events using spectrograms, spanning the
frequency range of interest, for a time segment including pre-event noise and the
event. We start with a controlled experiment, performed on a dataset of hoth
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earthquakes and mine explosions recorded at NORESS, located at distances of 800
to 1300 km, ir. a N-NE direction. 'In a second controlled experiment we analyze cali-
bration shots recorded by the NRDC netwotk of three-component single stations in
Eastern Kazakhstan. Then, this technique is tested on a dataset including presumed
mine blasts and ohe earthquake in that area. Finally, recordings at those sites,
equipped with instruments from the University of Nevada-Reno (UNR), of the Soviet
nuclear explosion from-the Joint Verification Experiment (JYE2) are analyzed.

4.3.2 Analysis Technique: Event Spectrograms

The technique used in-this report to characterize regional events combines the
advantages of waveform and spectral techniques, since it makes it possible to view
and analyze the entire seismic wavefield, before and throughout the event, in both
time and frequency. Previously, it has been demonstrated that events often show
significant characteristics when viewed as a set of handpass filtered single-channel
waveforms or steered beams (Dysart and Pulli, 1988). Baumgardt and Ziegler (1988)
use a display showing a set of incoherent beams, filtered in a series of narrow fre-
quency bands. They point out that such incoherent beamforming in the time
domezin is equivalent to array-averaging in the spectral domain. Alternatively, spec
tra (and cepstra) of pre-event noise and individual seismic phases for a given event
can bring up useful spectral characteristics (Dysart and Pulli, 1988; Suteau-FHenson
and Bache, 1988).

A concise and powerful display of signal characteristics is provided by a "spec-
trogram,” which shows the variation of spectral content as a function of time for a
data segment containing the event. In this report, such spectrograms are displayed
as 3-D perspective plots. Such plots can be particularly useful to an analyst
hecause of the amount of visual information present. Other possible displays
include contour, half-tone and contour color-fill plots, such as the half-tone
displays used by D. Harris (LLNL; work described by K. Nakanishi at 30 November
1988 AFTAC research review).

Spectra are calculated for non-overlapping fixed-length time windows covering
pre-event noise and the event itself. In this study we usc window lengths of 3to 5
seconds. The technique of spectral analysis is similar to that used by Suteau-
Henson and Bache (1988). Amplitude spectra are calculated for the vertical channel
(in the case of single-station data), or for each vertical channel and then averaged
over all channels for array data. Then, the amplitude spectra are corrected for the
instrument response. The logarithmic amplitude spectra are smoothed. An esti-
mate of pre-event noise is obtained by averaging the logarithmic amplitude spectra
over a time segment preceding the event. Finally, this noise spectrum is subtracted
to obtain noise-corrected amplitude spectra for each time window. Examples of
spectrograms obtained in this way will be given in the following sections.
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Analysis of NORESS Events
The Dataset

Our first dataset includes events recorded at the regional array NORESS. All
were detected by the Helsinki network, and the Helsinki bulletin also listed their
local magnitude, and indicated that most were explosions from known mines. They
were located at distances ranging from 800 to 1300 km from NORESS, and in a N-NE
direction. They provide a set of events at far-regional distances, with a continental
path, and with magnitudes from 2.0 to 3.6. Although the effects of source corner
frequency may be significant for the few larger events, we do not attempt any
source correction in this qualitative study. Such a correction would not signifi-
cantly affect the results concerning spectral complexity.

The event information is given in Table I. Locations of the earthquakes and
mines are shown in Figure 1. About three years of seismic activity have now been
recorded at NORESS, providing sequences of repeated events from individual mines
and seismic areas. Of particular interest are a set of earthquakes with magnitudes
of 2.9 and above from a seismic area in Northern Sweden, and a set of 16 explo-
sions from a nearby mine (designated as "R1" in the Helsinki bulletin). Since these
events are located in the same area, spectral differences due to regional path
effects are not expected to be dominant, and source effects can easily be observed.

Processing Parameters -

Figures 2 through 5 show spectrograms of the events, calculated using the
technique described in the previous section. Frequencies range from 0 to 20 Hz,
The 50-second long noise segment used to correct for noise starts one minute
before the first arrival. The total time segment displayed is 6-minutes long. The
window length used for spectral calculation is 5 seconds.

R1 Spectrograms

A set of 16 explosions at mine R1, located about 800 km from NORESS, with
Helsinki magnitudes ranging from 2.0 to 2.7 were analyzed. Figure 2 shows spec-
trograms-for one large and one small event in this set. The others are shown in Fig-
ure Al in Appendix I. All events have characteristic spectral modulations that last
throughout the entire wavetrain. Such distinctive patterns could help an analyst
identify an-event as an R1 explosion.

The spectrograms show the evolution of spectral content as a function of time
for that part of the signal which is above the noise level. The S, spectral content is
very similar to that of P, for the entire coda. L,, on the other hand, is character-
ized by significantly lower frequencies. For larger events, the S, phase arrives in
the P, coda, therefore, some frequencies are contaminated by P-type signal. A
worse coitamination occurs for L,, which arrives in the P,/ S, coda. Typically, for
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Table I: NORESS Events

Event Date Origin Time  Lat.(N) Lon. E) Magnitude Type
85347 12/13/85 16:59:07. 67.1 20.6 2.5 R1
85350 12/16/85  16:44:36. 67.1 20.6 2.5 R1
86010 01/10/86  16:29:35. 67.1 20.6 25 R1
86023 01/23/86  16:33:23. 67.1 20.6 2.5 R1
86037 02/06/86  16:29:55. 67.1 20.6 2.7 R1
86045 02/14/85 16:44:08. 57.1 20.6 2.6 R1
86076 03/17/86  16:34:40. 67.1 20.6 2.6 R1
87105 04/15/87 16:34:56. 67.1 20.6 2.0 R1
87156 06/05/87 16:37:42. 67.1 20.6 2.3 R1
87238 (08/26/87  16:29:46. 67.1 20.6 2.2 R1
87302 10/29/87  18:33:42. 67.1 20.6 2.0 R1
88025 01/25/88  18:30:19. 67.1 20.6 2.2 R1
88027 01/27/88 16:00:03. 67.1 20.6 2.5 R1
88043 02/12/88 18:30:18. 67.1 20.6 2.1 R1
88060 02/29/88  18:49:42. 67.1 20.6 2.2 R1
88062 03/02/88  18:30:25. 67.1 20.6 2.0 R1
87109 04/19/87  12:39:49.6 67.74 19.45 3.6 earthquake
87147 05/27/87 02:48:02.7 67.74 22.52 2.9 earthquake
87360 12/26/87  08:29.08.7 67.86 19.59 34 earthquake
86038 02/07/86  11:00:01. 64.7 30.7 3.1 V10
86049 02/18/86  12:45:50. 64.7 30.7 2.6 V10
88072 03/12/88  09:59:59. 64.7 30.7 29 V10
87051 02/20/87  08:51:10. 67.7 33.7 2.6 K1
87081 03/22/87  05:25:12. 67.7 33.7 2.7 K1
87319 11/15/87  03:55:58. 67.7 33.7 3.2 K1

the time segment containing L, the low frequencies (less than about 3 Hz) include
‘mostly L, energy, the high frequencies (above 6 Hz) include mostly energy from the
S, coda, and for the intermediate frequencies the signal is a superposition of both
S, and L,. Such contamination is observed as well for other mines and earth-
quakes, as will be shown below. Contamination of L, by S, in particular has been
recognized as a source of bias for measurements based on spectral estimates, such
as inversion for attenuation (Sereno and Bratt, 1988). This effect should be taken
into account when using spectra calculated in a time window containing L, to meas-
ure source discriminants (such as cepstral peaks, or P to L, spectral ratios). For
each seismic arrival, the spectrogram can help the analyst identify those parts of
the wavetrain (as areas in the time-frequency domain) which are the least

4-46




10° 20° 30° 40°

e 700

et 650

.

NORESS

——d 600

Figure 1. The locations of earthquakes and mines used in this study are shown for
the NORESS events listed in Table I.

4-47



Rl Explosions at NORESS
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Figure 2. Spectrograms of two explosions from mine Rl (iisted in Table I} at
NORESS - 86037 (Top) and 87302 (Bottom). The frequency scale is linear, from G to
20 Hz; the time scale includes one minute before the P-wave and five minutes after.
A logarithmic scale is used for the spectral values, which represent instrument- and
noise-corrected spectral amplitudes. Frequencies below 0.5 Hz are masked to avoid
spurious peaks due to noise non-stationarity.
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Earthquakes at NORESS
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Figure 3. Spectrograms of two Northern Sweden earthquakes (listed in Table 1) at
NORESS -- 87109 (Top) and 87360 (Bottom). The scale and parameters are the same

as in Figure 2.
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V10 Explosions at NORESS
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Figure 4. Spectrograms of two V10 explosions (listed in Table ) at NORESS
86038 (Top) and 88072 (Bottom). The scale and parameters are the same as in Fig-
ure 2. High-frequency noise bursts contaminate the spectrogram of event 88072.
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K1 Explosions at NORESS
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Figure 5. Spectrograms of two K1 explosions (listed in Table I) at NORESS -- 87319
(Top) and 87081 (Bottom). The scale and parameters are the same as in Figure 2.
The low SNR for the large event 87319 is due to high noise conditions.
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contaminated by interfering signal from other phases. Such information can then
be used for optimal spectral and/or cepstral measurements of potential discrim-
inants.

As expected, the characteristic patterns on the spectrograms become less visi-
ble as the magnitude (and SNR) decreases, although they can still be observed for
Rl events with Helsinki magnitude as low as 2.0. The effect of varying SNR on the
error estimates attached to various discriminants is beyond the scope of this prel-
iminary study.

Earthquake Spectrograms

The spectrograms for two events identified as earthquakes in the Helsinki bul-
letin are shown in Figure 3. Another is displayed in Figure A2. As for Rl events,
the §, and P, spectral contents are very similar for the entire coda, while L, has
much lower frequencies. Also, each secondary phase is contaminated by coda
energy from previous arrivals, especially so for larger events. Apart from this,
although these earthquakes are located close to mine R1, their signal characteristics,
as observed on the spectrograms, are remarkably different from those for R1 explo-
sions. First, the ratio of P to S energy is significantly smaller, as expected. Second,
the spectrograms do not show any spectral modulations and are generally lacking in
character. They are similar for events 87109 and 87360, located only 14 km apatrt
by the Helsinki network. This is an example of repeated events exhibiting very
similar temporal and spectral character.

Spectrograms of Other Explosions

Figures 4 and S show s, ectrograms for events from mine V10 (about 1100 km
from NORESS) and mine K1 (about 1300 km), respectively. Others are displayed in
Figure A3. At V10, some modulations are present for event 88072, but not for the
larger event, 86038. At K1, the available signal bandwidth is so narrow, due to
strong attenuation of higher frequencies, that spectral modulations such as those at
R1 could not be observed. Clearly. for events in the magnitude range of interest,
increasing epicentral distance decreases our ability to observe spectral modula-
tions. A similar analysis for V10 and K1 events recorded at ARCESS (at closer range)
would provide an interesting comparison. Therefore, along with noise, attenuation
due to propagation over large distances (beyond 1000 km) significantly limits our
ability to characterize mine explosions using spectral modulations. A quantitative

estimation of this effect on characterization parameters and discriminants awaits
further study.
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Analysis of NRDC/UNR Events
The Dataset

In the previous secti:n, we showed how spectrograms could be used to recog-
nize spectral modulations in NORESS events, when not limited by low SNR and/or
small bandwidth due to large epicentral distance. In this section we evaluate the
use of this technique for events recorded at one or two single stations. The first
experiment still represents a controlled situation, i.e., the event type is known. The
second experiment is performed on events of unknown type, but presumed to be
either earthquakes or mine blasts, based on information pravided in the Center
database (routine analysis by F. Ryall and R. Baumstark). Also, spectrograms were
calculated for the "JVE2" nuclear explosion at the Semipalatinsk Test Site, recorded
by UNR at the NRDC sites. Table Il gives the event information. The-NRDC network
that operated in 1987 in Eastern Kazakhstan near the Soviet Test Site consisted of
three-component seismic stations at Karkaralinsk (KKL), Karasu (KSU) and Bayanaul
(BAY). In this study we did not use station KSU, because of a pronounced resonance
peak due to near-receiver structure. Figure 6 shows the locations of the stations
and events studied here,

Table 11: NRDC/UNR Events

Event Date Origin Time Lat.(N) Lon.(E) Type
710 08/22/87 00:21:39.8 43.79 86.05 earthquake?
763 08/24/87 -09:06:54.339 51.55 74.49 blast?
847 08/27/87 10:11-25.738 50.93 73.28 blast?
883 08/28/87 13:33:02.837 5).60 74.80 blast?
886 08/28/87 14:22:27.412 51.58 74.06 blast?
987 09/02/87 07:00:00.001 50.28 72.17 calibration shot
998 09/02/87 08:58:34.834 51.82 75.58 blast?
1001 09702/87 09:27:05.315 50.03 77.19 calibration shot
1024 09/03/87 07:00:00.001 50.28 72.17 calibration shot
JVE2 09/14/88 04:00:00. 49.87 78.82 nuclear explosion
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Figure 6. The locations of the Eastern Kazakhstan events used in this study (and
listed in Table II) are shown. Crosses represent calibration shots: pluses, presumed
mine blasts; and the open square, a possible earthquake. "BAY", "KKL" and "KSU"
denote the three NRDC stations. "STS" denotes the location of the Semipalatinsk
Test Site,
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Processing Parameters

The NRDC short-period, high-gain- data we used were sampled at 250
samples/second, corresponding to a Nyquist frequency of 125 Hz. In practice, we
found that the useful frequency range could be limited to half of that, i.e, 62.5 Hz.
Most events were within 200 km of the recording stations, and the amplitude spec-
tra were calculated over 3-second windows (4 seconds for event 710 at larger dis-
tance). Frequencies below 1 Hz are masked, because of noise contamination at

lower frequencies. Also, since continuous data are not available, the amount of
noise preceding the event and the length of recording vary from event to event.

The UNR short-period data were sampled at 100 samples/second at BAY and
200 samples/second at KKL. To facilitate the comparison with the NRDC data, we
plotted the UNR spectrograms for frequencies up to 62.5 Hz (padding to zero fre-
quencies above 50 Hz for BAY). The instrument correction applied is the same as
for NRDC, except for a nominal free period of 1 second.

S ) f the Calibration S|

Figure 7 shows the spectrograms obtained at stations BAY and KKL for a
known H.E. calibration shot that occurred in September 1987. Figure A4 in Appen-
dix I shows the spectrograms for two other shots. These shots are single explo-
sions, as opposed to multiple explosions produced by "ripple-firing" in mines such
as Swedish mine R1. As expected, no spectral modulations are observed. In spite
of the smoothing applied to the spectra, there are many noise peaks. Since no
array-averaging could be performed, the non-stationarity of the noise produces
such peaks. Also, the scatter in the spectrograms, is significantly larger than for
NORESS events, increasing the uncertainty attached to our characterization tech-
nique.

Spectrograms of Unidentified Events

Next, we calculated spectrograms for a set of unidentified events. ldentifica-
tion hypotheses can be made, however, based on location, origin time, P to S ampli-
tude ratio, and the presence of an R, phase. Figure 8 shows spectrograms for a
presumed mine blast, at both stations BAY and KKL. More are given in Figure AS in
Appendix I. As for the calibration shots, these events are located within 2.5 ° from
the stations. Some of them show spectral modulations (event 883 has similar
moduiations at both BAY and KKL, and events 763 and 847 at BAY), but others do
not. Hedlin et al. (1988) report observing such modulations for explosions
recorded at the NRDC stations. The spectrograms for a presumed earthquake at
about 1000 km from both stations are shown in Figure 9. They have no complex
character, as expected.
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Calibration Shot at NRDC
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Mine Explosion at NRDC

‘\\ \‘ oy, V2
D ‘\\\“9«‘\\‘:‘\‘;‘«'\’1 i
RN b s
SO SR RN 35,3
Ao PIRe SAR IS SRS
TR RS ORI,
“ AL A, A 2 AN

’/', / \0. :
I/"d“-‘o‘\.g.\..“{:g::\;.;:» LAY
) .’\:_\.;:?:;.e‘: USRNG5
U SR NAIISRCARE oA 503

Nr Tade 3N Ne,

COSe% 4 ¢ '\
A @O (AN
R

) SISISIreriss
\¢ \.’;‘v;g.‘é"c KNS Seisdiaaginl
2

¢

A i ll,
(RSAEREANSS RN AN\ AR R REESS
I I ‘ ,.“Qﬁ‘;‘.;\‘\g“}\‘\;‘?: “", . .::?0;.?:;‘5';5: .:E.:._..
- Lo

N

o

/ 2
NI S
R SNoLvrs
[ IRATE RS IO XIS <
Ill "»",\‘::é:szc:‘tz& A

St
2 ‘l"ll';ff' &
el

ks -, S C oS
S AR e S e TS Se NSl
ST EEIISI SIS Sonseess
o Al
S5 v?q“;\ ‘\‘\‘} ?:::::.:._.-‘,.:
OSSS "‘ “.o N\ 22T IS
gl ‘\ (% eSS ss: et P te e tes.
e, "“\'}‘ “‘ ‘ "“Jp\; st Tev T asTe?: sSesdsIaesy
5l ' ' YA SISTIIAIIIIINNN
S s A e
R AV SRS 3
N I AN A A
SIS AN \\S

) J X
;0 SSeaeeseb ‘ VA
9'70 B ‘;;‘.-:.:‘.‘
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Earthquakes at NRDC
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The presence of spectral modulations can be used to confirm or establish the
identification of an event as an explosion, although the scatter in the data increases
the uncertainty on such an estimation. If distinctive spectral modulations are not
observed, no conclusion can be drawn as to the event type.

Spectrograms of IVE2 Nuclear Explosion

Last, we obtained spectrograms for a nuclear explosion, the JVE2 event at the
Soviet Test Site, recorded at stations BAY and KKL using UNR instruments. They are
shown in Figure 10. As can be seen in Figure 6, the epicentral distance is about the
same for both stations, and very similar to that for the calibration shots 987 and
1024. As expected, no spectral modulations are observed. Above about 30 Hz, the
spectral amplitude (when above noise level) remains roughly constant, instead of
continuing to decay, as it-does for the calibration shots (see Figures 7 and A4). This
is observed at both BAY and KKL, and o1 all three components, and seems to indi-

cate some noise contamination. Figure 1la compares the unfiltered data on the
vertical at KKL and the same data highpass filtered above 30 Hz. The filtered data

follow the envelope of the unfiltered data (except for the long-period Rg). indicat-

ing a correlation between the high-frequency part of the data (above 30 Hz) and the
seismic signal. However, a closer look (Figure 11h) shows that the filtered data are
composed of spikes. These correlate with the main pulses in the unfiltered data.
This is consistently observed on all components at both stations. The character of
the data above 30 Hz seems to indicate an instrument-related artifact, correlated
with the actual signal. We cannot ascertain at this time that the source of the JVE2
event was particularly rich in higher frequeéncies.

4.3.3 Summary

A preliminary investigation of the use of spectrograms for characterization of

regional events has been presented. Spectrograms were displayed as 3-D perspec-

tive plots. We have shown how they can be a useful tool to characterize events,
especially during an analyst review. Spectral analysis methods performed on "time
slices” around a secondary arrival have shortcomings and limitations, due to signal
contamination with coda of previous arrivals in some frequency ranges. The use of
spectrograms can help overcome these limitations.

This method was used in a controlled experiment for events recorded at
NORESS and located at source-receiver distances of 800-1300 km. For a large set of

-explesions from Swedish mine R1, very distinctive pattetns of modulations were

present on the spectrograms, down to local magnitudes of 2.0. Such patterns were
not usually observed for western U.S.S.R. mines V10 and KI, at larger distances,
although more data should be analyzed before definite conclusions can be reached.
Along with low SNR, small bandwidth due to attenuation of high frequencies limits
the usefulness of spectral modulations as a discriminant at distances beyond 1000
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Figure 10. Spectrograms of the JVE2 nuclear explosion at the Semipalatinsk Test
Site (Event JVE2, Table 1I), recorded at stations BAY and KKL by the University of
Nevada-Reno. The scale and parameters are the same as in Figure 7. The BAY data
are masked beyond their Nyquist frequency of 50 Hz.
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HP 30 Hz

10 sec

(b)

HP 30 Hz

1 sec

Figure 11. (a): Vertical recording of the JVE2 event at station KKL: unfiltered (Top)
and 30 Hz highpass filtered (Bottom). The filtered data have an envelope similarto
that of the unfiltered short-period data. The emplification factor for the filtered
data is 10.7. (b): Same as (a), except the beginning of the event is blown up. The fil-
tered data show spikes, correlated with the main pulses in the seismic_signal.
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N
km, although events with magnitude larger than 2.6 can still be detected and
located by an array such as NORESS.

Events (mostly local) recorded at NRDC stations BAY and KKL in Eastern Kaza-
khstan were analyzed. The scatter in the spectrograms is laﬁg‘er than at NORESS,
due to the lack of array-averaging. Three H.E. calibration ‘shots do not show any
spectral modulations, as expected for single shots. Some presumed mine blasts
show spectral modulations due to ripple-firing, while some do not. A presumed
regional earthquake has the expected smooth spectral character. Therefore, spec-
trograms can still be used as part of event identification at single stations, when no
information from independent networks is available. The presence of spectral
modulations indicates that a given event is a mine blast, while their absence is
inconclusive. We also analyzed UNR recordings of the JVE2 nuclear explosion at
stations BAY and KKL. Their spectrograms do not show any spectral modulations.

To better evaluate the usefulness of this characterization method, we plan to
analyze more data, in particular ARCESS data. The use of interactive graphics by an
analyst, to compare spectrograms of unidentified and reference events, and meas-

ure characterization parameters using carefully selected parts of the spectrogram,
will also be evaluated.

Anne Suteau-Henson
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APPENDIX I

Spectrograms of Other Events
Listed in Tables I and 11
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R1 Explosions at NORESS
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Figure Al. Spectrograms of Rl explosions (listed in Table I) at NORESS. The scale
and parameters are the same as in Figure 2.
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Earthquake at NORESS .
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Figure A2. Spactrogram of a Northern Sweden earthquake (event 87147,
Table I) at NORESS. The scale-and parameters are the same as in Figure 2.




Mine Explosions at NORESS
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Figure A3. Spectrograms of two mine explosions (listed in Table ) at
NORESS -- 86049 (Top) and 87052 (Bottom).




Calibration Shot at NRDC
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Figure A4. Spectrograms of calibration shots (listed in Table II) at NRDC
stations BAY and KKL. The scale and parameters are the same as in Figure
7.
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Figure AS5. Spectrograms of presumed mine blasts (listed in Table l) at
NRDC stations BAY and/or KKL. The scale and parameters are the same as
in Figure 7. Times beyond the end of the recorded data are masked. Event
998 is mixed with a local event arriving in its coda.
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5.1 COMPARISON OF SDCS AND NRDC INSTRUMENT CHARACTERIS-
TICS

Conflicting estimates of m,, bias between explosions set off in hard rock at the
Nevada and Eastern Kazakh test sites have been reported in the literature. These
estimates have been based on data recorded by instruments with different charac-
teristics. Recent estimates for the Eastern Kazakh test site are based on high fre-
quency stations by the Natural Resources Defense Council (NRDC) near the test
range in 1987 and 1988. Estimates for granite at the Nevada Test Site are based on
the short-period Special Data Collection System (SDCS). In this note we illustrate
the effect on magnitude estimates of the two different instruments, by comparing
amplitude and frequency responses.

The characteristics of the NRDC instruments have been specified with poles
and zetos for the various components of the recording system by Berger et al.
(1987). Similar characteristics for the short period SDCS instruments have been
made available by Starkey (personal communication, 1987).

The amplitude and phase characteristics of the two response curves are given
and compared in Figures 1 and 2.

As can be seen from these diagrams, the amplitude ratio stays fairly constant
in the teleseismic frequency bend form 1 to 3 Hz, where the range of variation is
about 0.13 logarithmic units. The phase shift difference changes about 2 radians in
this band. The response of the two instruments are similar in the teleseismic fre-
quency band and magnitudes obtained with these instruments can be compared
directly as long as only large effects are of interest. However, if high accuracies are
required, a correction for differences in the instrument responses may be neces-

_.sary. This is particularly the case if there is significant energy at frequencies lower

than 1 Hz or higher than 3 Hz.

Hans Israelsson
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