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Abstract (cont.)

The NORSAR Dectection Processing System has bcen operated throughout
the report tog period with an average uptimfe of 98.2 per cent. A total
of 1958 seismic events ha-s been reported in the NORSAR monthly seismic
bulletin. The performance of the continuous alarmn system and the
automnatic bulletin transfer by telex t.o AFTAC has been satisfactory.
Processing of reqjuests for full NORSAR/NORESS data oni magnectic tapes
has progressed according to establish-edl schedules.

The sateil1ite link [or tranin;i tting NORESS data in real time to the
U.S. has had an average uptime of 99.3 per cent. On-line NORESS
detection processing ind data recordi-ng at the NORSAR Data Center
(NDPC) has been conducted throughout the period, with an average
uptime of 9,1.8 1.,.r cent.

The ARCESS arraY -,,arted operation in mid-October 1987, and the data
were initially recorded and processed at NDPC using a Sun 2-based
computer system. In May/June 1988, this system experienced significanit
hardware problems, and the time schedule for the planned change -,o ai
Sun 3 system was there(.fore :ccelkcrated. The changeover was successful!%,
coinpleted in eairly July. Average recording time for ARCESS was 17.2%
for the tot-al report,,7 peiriod, -iid Q-1 per cent when disregarding the
'-I,-v'June period'

d ia i in tenance activi t,, has inc lud~ d regular prevent ive mainitenance
a- Ill array iitcand occasional corrective actions whe(-n required. In

p L cular, much wor-k has been conducted at the ARCESS array site,
inlcluding instil Lation of a niew G;I ha] Positioning Syste-m synchroniz d
cilock in Cop nwith Sand ia pcr rsonne I and removal e I the KS -3600"

borehole selinmoc-er ,or ropa ir. Tlie NORSAP and NORESS field sys tems
performed entir iy ,;,,,,isftart ouilv t hro' liouit the report i ng period.

A cons ide rabl1 e t fort hias been expenided ill upgrading, t he on -line anld
ot I-lIince detect. iori/ov ot procesfsing- s o I v;ice which is being developed
at NORSAR for general array application.,. The program systems have heci;
tested on data f romi NORSAR, NORESS, ARCESS, FINESA and Gr~tenberg. aind
the imtplementation will he ci)ordi ocrei wi tli the Intelli gent Arra-Y
Sy"stem dIeve lo'pna'T S.

A Study of Lg spectra of Nt)RSAR- rfcorded explcosions from the Shoigan)
Rive: test:ar' nearSen- pa 1'1 tl- , 1551k has qhown 11hat. the 11ail
enertgy in the Kg, wa vet ra in i s confiined to the f reqone y rango 0.6
1 .0 H~z. Thlere is' solp"'-.vid(erle- o" ISou rce s i saln effects (i. e

10'overI dom-1nanTt. hgJ' f r., ' e nv for 1 a rge r evenits ) but the var iatLion
soi 1an apesiito i', Of 1it 1( r i i gotIi canct' inl RMS Kg magnitulde

t' , CI.A S I F1i F;
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estimation. The Lg 'peotrA show no significant differences for events
from the two portions of the test site (NE Shagan and SW Shagan). On
the other hand, the spectral difference between early P coda and Lg is
larger for SW events than for NE events, and this holds true in the
entire frequency band 0.6-3.0 Hz.

An analysis has been made of statistics on P, PcP, PKP and PKKP travel
time residuals with respect to the isotropic PREM earth model using ISC
bulletin data for the years 1964-1984 as well as other data sources.
The scatter in the residuals is significantly greater for shallow
events than for deep events. For P phases at distances less than 650
this increased scatter reflects increases in number of "early" as well
as "late" arrivals, whereas for more distant P phases and other phases
the increase in scatter is dominated by a larger number of late
arrivals. The statistics further show that after applying the isotropic
PREM model there is still a significant mean residual left in the data,
and this is particularly pronounced for core phases.

The coupling mode technique for modelling surfacc wave propde LiuL il
2-D structures presented in previous Semiannual Technical Summaries has
been applied to a model of the North Sea Graben. The purpose has been
to examine how a large-scale and very strong lateral variation of the
crustal structure affects the propagation of the slort-period surface
wavetrains.\Our continued work has confirmed the coniwusions given in
earlier repoirts. Thus, our numerical modelling of Lg wave propagation
in a simplified model of the North Sea Central Graben does not predict
the severe attenuation of the wavetrain actually observed in this
region. On the contrary, the Lg wavetrain appears very robust when
crossing a zone where its waveguide is strongly deformed. Since the
large-scale geometry of the Graben fails to explain the observed data,
it is suggested that future work explore alternative explanations for
the observed attenuation, such as scattering by 2D or 3D basaltic
intrusions in the lower crust, extensive faulting associated with
intra-fault weak material, or more rheological aspects of this problm.

A detailed analysis has been made of the recent (August 8, 1988)
earthquake offshore Norway. which was recorded at NORSAR, NORESS,
ARCESS as well as a large number of stations at regional and tele-
seismic distances.'iThis earthquake is the largest in the region for at
least 30 years, with an estimated mb - 5.2. Our focal mechanism
solution indicates thrust faulting along a NNE-SSW striking fault
plane, in response to E-W compressional stress. The seismic moment has
been estimated at 1017 Nm, with indications of scaling consistent with
an c-square source model. A major source of uncertainty in this
analysis is tied to the lack of accurate knowledge of the anelastic
attenuation.

UNCL'kSSIFI ED
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In cooperation with the University of Helsinki, an analysis has been
conducted of events recorded by the three regional arrays in Fenno-
scandia (NORESS, ARCESS, FINESA). The latter array has been recon-
figured to closely resemble the subgeometry of NORESS and ARCESS
obtained when excluding the D-ring. As a first part of this study, the
detection capabilities of the upgraded FINESA configuration, using the
RONAPP algorithm, was investigated. The results were excellent, in that
98 out of 103 reference events (listed in the Helsinki bulletin) had at
least one detected P or S phase at FINESA. Many additional events were
also detected. The second part of the study has addressed the location
capabilities of the three-array network, again using the Helsinki
bulletin as a reference for comparison. On the average, joint three-
array locations deviate from the reference location by only 16 km,
whereas comparable deviations using one or two arrays for location
purposes were 68 and 26 km, respectively. Since the arrival times used
were those determined automatically by on-line processing, there are
clear possibilities for further improvements in multi-array location
accuracy. This could be achieved both through more accurate readings,
introduction of more detailed regionalized travel-time tables and
application of master-event location techniques.

As a continuation of earlier studies on Lg magnitudes and yield
estimation of Semipalatinsk explosions, we have now completed the
anal.vsis of all available Grafenberg Lg recordings of large Shagan
River explosions. Because of .the varying number of channels available
and the relatively large systematic variations in Lg amplitudes across
the array, we have used station correction terms for individual
channels when computing average magnitudes. The resulting values show
excellent correspondence with NORSAR Lg, with the standard deviation of
magnitude differences between the two arrays being about 0.03 units for
well-recorded events (more than 5 of the 13 GRF channels available). We
have also investigated the effect of applying individual instrument
correction terms to NORSAR Lg data and have found the effects to be
modest. A study comparing joint NORSAR/GrAfenberg Lg magnitudes to
maximum-likelihood mb based on ISC dota has confirmed the pattern
previously observed, i.e., a low P-Lg bias for NE Shagan in comparison
to SW Shagan. The JVE explosion of 14 September 1988 had a P-Lg bias
close to the average for the SW Shagan event set. This explosion was
estimated at m(Lg) - 5.97 at both NORSAR and Gr~fenberg.

UNCLASSIFIED
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I. SUMMARY

This Final Technical Summary describes the operation, maintenance and

research activities at the Norwegian Seismic Array (NORSAR), Norwegian

Regional Seismic Array (NORESS) and the Arctic Regional Seismic Array

(ARCESS) for the period 1 April - 30 September 1988.

The NORSAR Detection Processing System has been operated throughout the

reporting period with an average uptime of 98.2 per cent. A total of

1968 seismic events have been reported in the NORSAR monthly seismic

bulletin. The performance of the continuous alarm system and the

automatic bulletin transfer by telex to AFTAC has been satisfactory.

Processing of requests for full NORSAR/NORESS data on magnetic tapes

ha3 progressed according to established schedules.

The satellite link for transmitting NORESS data in real time to the

U.S. has had an average uptime of 99.3 per cent. On-line NORESS

detection processing and data recording at the NORSAR Data Center

(NDPC) has been conducted throughout the period, with an average uptime

of 97.8 per cent.

The ARCESS array started operation in mid-October 1987, and the dat,

w-re intial1 ,- recorded --d procecqed at NDPC using a Sun 2-based

computer system. In May/June 1988, this syztem expericnced significant

hardware problems, and the time schedule for the planned change to I

Sun 3 system was therefore accelerated. The changeover was successfull';

completed in early July. Average recording time for ARCFSS was 77.2.

for the total reporting period, and 91 per cent when disregardiing

May/June period.

Field maintenance activity has included regular preventive maintenance

at all array sites and occasional corrective actions when required. In

particular, much work has been conducted at the ARCESS array site,

including installation of a new Global Positioning System (GPS)

synchronized clock in cooperation with Sandia engineers and removal of

the KS-36000 borehole seismometer for repair. The NORSAR and NORESS



field systims perfornc'd entirely satisfa, t uri y throu,(,hout the

reporting period.

A considerable effort has been expended in upgrading the on-line aild

off-line detection/event processing software which is being developedI

aL N1ORSAR for general arraY applications. The progra3m systems havc 1),,T

tested orn data from NORSAR, NORESS, ARCESS, FINESA and Grafenberg, atnd

the implementation will he coordinated with the Intelligenit Array

SN-steml developments.

The research ac',1vitv is summarized ini Section VII. Section VII.I

gives results from analysis of P coda and Lg spectra of Shagan River

ex.plosions recorded at NORSAR and NORESS. Statistics of ISC travel thini,

residuals in co~inparison. to the PREM model are presenited it, Section

VIT.2. Section V!I .3 report-, onl modelling of Lg-wave propagationl acrke.,s,

,,iic Central Grabenm of the North Sea, whille obse-rved grouind motions and~

inoerred source para-meters. for the August 8, 1988, More Basini earth

,;ua±<e are discuISsed in, Sect ion VII .4. Aninlwni of r-egional seismni c

oveits using the NnRESS/ARCE.SS/FFNESA irraivs is preso!nt d in Section

II.. In Sec tion VI 1. 6 re suIt s o f ai compa ra t i v anal1v's is o f NUR SAP\i and

C rm. ften berrc Le, mini tt ils IorI SI I a ,: rlPi v.c~ \j)p I ., i olm am I I(m.



Ii. NORSAR f- ;RATION

11.1 Detection Processor (DP) Operation

There have been 54 breaks ir, the otherwise continuouis operation of the

ThP)SAR online system within the current 6 month reporting, inter-val. The

11pt ime percentage for tlhi period is- 98.? a-- comiparedl o -?6.() tot tlhe(

pre~vious; period

Fig. 11.1.1 and the accompanyitig Table i.] both --lIo,, t-ht il DP'

downtime for the dayvs between I April and 30 Septeiv her lYS1 Th

morrthly recording times md( percentages are givoen 111il. V .

The breaks caii he' grouped ,s to IlowsT.-;

I I,irdValire t a; lure-

Stops related to- program work or orror 1

Ha rdwareto r in e r aime stop'.

dj loweir jumps and breaks

ei TUD error corr-ect ior

* (ommunicat innl lines2

-hea. dowritim Iflvor *h( per id *.a" 8'' hcew:s 'Ind w1 'V.e>-

tie-e wen-allu (s'LTFF) wi . d,v%,. as1~npi

previouls Perio.
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LiST OF BREAKS IN DP PROCESSING THE LAST HAL.F-YEAR

!-,AY START STOP COMMENTS ........... DAY START STOP COMMENTS ...........

93 9 56 9 57 LINE FAILURE 202 0 0 8 34 MODCOMP FAILURE

94 6 1 6 2 lINE FAILURE 217 9 50 9 51 LINE FAILURE

96 6 1 6 2 TOO RETARED 20MS 218 2 33 3 31 POWER FAILURE

97 9 0 9 2 LINE FAILURE 221 6 2 6 3 TOD RETARED 46MS

99 5 57 5 58 LINE FAILURE 228 9 29 9 30 LIFE FAILURE

101 19 57 19 58 LINE FAILURE 229 13 30 17 50 POWER FAILURE

1C4 6 1 6 2 TOD RETARED 10MS 231 5 33 5 34 LINE FAILURE

104 9 10 9 13 LINE FAILURE 232 7 10 7 12 LINE FAILURE

111 6 1 6 2 TOD RETARED VIMS 234 10 2 10 16 LINE FAILURE

118 11 3 11 10 TOD RETARED IOMS 235 6 18 6 20 LINE FAILURE

122 14 40 14 43 LINE FAILURE 235 11 25 11 52 LINE FAILURE

126 8 40 a 41 TOD RETAREU 20MS 235 12 3 12 4 LINE FAILURE

130 7 19 7 2L LINE FAILURE 236 6 0 6 3 TOD RETARED 12XS

130 8 26 8 27 LINE FAILURE 236 13 28 13 31 LINE FAILURE

132 8 29 8 30 LINE FAILURE 238 13 20 13 21 LINE FAILURE

139 7 0 7 1 LINE FAILURE 238 15 44 15 45 LINE FAILURE

140 5 12 5 16 LINE FAILURE 239 8 30 8 31 LINE FAILURE

141 6 1 6 2 TOD RETARED IOMS 244 6 2 6 3 TOO RETARED 15MS

142 14 28 14 31 LINE FAILURE 250 6 1 u 2 TOD RETARED 16M5

145 6 1 6 2 TOO RETARED 12MS .59 ' 1 6 2 TOD RETARED 22M5

149 11 14 11 23 MODCOMP FAILURE 2-4 7 7 2 TOD RETARED 14MS

150 !6 26 18 51 POWER FAILURE
55 14 0 55 5 MODCOMP FAILUPF

1%9 8 20 8 40 DISK FATIURE

1-9 9 12 9 13 LINE FAILURI:

i
l  

13 4 24 0 2701 FAILUR!.
1A6 0 0 13 30 2701 FAI LURL

i9 4 24 19 44 2701 FAILURE

1-2 6 20 12 48 2701 FAILURE

983 1 56 6 47 POWER FAILURE

186 6 1 6 2 TOD RETARED 13M M

189 7 29 7 48 CE MAINTENANCE 2

:95 6 21 6 22 TOD RETARED 21M:

197 18 30 20 7 POWER FAILURE

201 16 30 17 30 POWER FAILURE

20: :7 30 24 0 MOOCOMP FAILURE

TlibIe 11. I. Dail) DP downt im, ii ht. p(.iiod I Al vi 1 S op' ,11hei

1988.



IMonth DP Uptime DP Uptimce No. of DP No. of Days DP MTBF*'

hours Breaks with Breaks (days)

APR 88 7 19.41 90.9 10 9 2.8

MAY 741.08 99.6 12 11 ?.4

JUN 672.20 93.4 6 6 4.0

JUL -/91 C7 6.9 6) 4.3

A! -7 )9.2J 17 131.7

SEP 7j9. 1l(uoG 3 7.5

Mean- tiMe-bet veei)-failut-es -LOtAl uptime(/no, of tip intervals.

Th~~e 1.12. ~h~mw~sys-mperforma'nce, April - 30 September 1988
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11.2 Array communications

Table 11.2.2 reflects the performance of the system through the

reporting period. All the subarrays except OIA have been affected by

occasional communication outages. Problems encountered have connection

with bad communication cables in the ground and on poles, lack of power

and carrier system outages. Also other irregularities have contributed

to errors and shorter outages, such as failing CTV equipment like

modems and SLEMS.

In addition, there were problems with 02B (telemetry) antennas caused

by heavy snowfall. The antennas were repaired in April.

April (weeks 9-13), 4.4 - 1.5.88

02B was still out of operation, although NTA/Hamar declared the line

operational 13 April. Danger of snowslides prevented the power plant

people from repairing the broken power line.

02B (telemetry) is not dependent upon external power (supplied by

solar cells), and resumed operation (partly) with channels 23, 24, 25

and 27 active. Channel 26 and 28 were "dead" but the NMC staff repaired

the antennas (14, 15 and 25 April) related to these channels. The

antennas had been broken after heavy snowfalls in the area.

06C was affected by a power outage week 15.

The performance of the remaining NORSAR communications systems was most

satisfactory.

May (weeks 18-22), 2.5 - 5.6.88

02B remained down also in May, and 06C had its modem/SLEM checked ano

tested.

The remaining communications system was almost Cree from trrors.
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June (weeks 23-26), 6.6 - 3.7.88

02B resumed operation week 25 after having been down since November

1987.

All communications systems were affected for about I hour 20 June in

connection with a broken coaxial cable at Kjeller, which among other

things carried the NORSAR subarrays and NORESS. OA and OlB resumed

operation after a couple of hours, while 02C-04C were operational a few

hours later in the afternoon, 06C the next morning.

On 15 June the IBM 2701 communications adapter failed. This machine

interfaces the Modcomp to the IBM 4341. via two highspeed modems. On 20

June the source of the failure was identified and the problem cor-

rected. In the meantime, the Modcomp had to be stopped/started each

time a card in the 2701 was replaced, or other actions implemented as

pd z of the fault-finding procedure.

Apart from the interruptions mentioned above, the communications

"v-ste:s were reliable in June.

July (weeks 27-30), 4 - 31.7.88

A~so throughout this period the systems performance was most satisfac

tory. An exception was 02B where NTA/Hamar found the line toward the

CTV had failed and 06C which had line problems in connection with

I ightning.

August (weeks 31-35), 1.8 - 4.9.88

The NTA coaxial carrier cable was broken 19 August causing significant

problems weeks 33 and 34. All subarrays were affected (01A for a very

short period).

01., which had been down since 15 July due to a bad cable was back in

operation I September.



The remaining systems (except for 02B, 03C) were back in operation 22

August.

02B, 03C resumed operation later due to a SLEM-failure (02B) and a

cable problem (03C).

September (weeks 36-39), 5.9 - 2.10.88

Generally satisfactory performance, in spite of problems such as a

damaged cable after lightning (02B) between 30 September and 4 October,

carrier system outages affecting 03C, 04C 25 September, and between 30

September and 1 October.

06C was affected totally 8).71 minutes weeks 31 and 38.

O.A. Hansen
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S'.- APR (4 A',' (5) JUN (4) JUL (4) AUG (5) SEP (4) AVERAGE
,rni, 4.4-1.5) (2.5-5.6) (6.6-3.7) (4-31.7) (1.8-5.9) (5.9-2.10) 1/2 YEAR

01A 0.02 0.003 0.16 0.02 0.01 0.014 0.04

1Th u.02 0.001 0.15 *58.93 -,',89.64 0.03 7) 05

,l 00-, "u.'00 *"100.00 *59,83 0.03 2) 002 6) 0.05 8) 0.03

(-,.02 0.002 0.15 0.02 3) 0.45 0.03 0.11

..02 0O 0.17 0.02 1 0.01 ,187 0.33

GC.1, 0.02 009 0.16 0.02 5) 0.01 1,3 0.35

.. 001 '.,3 2.61 *10.28 :25.q2 o.3 9) 0.97

A.P 15.29 14.4'0 9.03 9.90 16.85 0.1 0217

1i 2B 023. 02B 01B, i6C 01B,06C 0B,03) 01O2B,02,

d.02 J.14 0.56 0.02 0.10 0.1- 0.21

ce . .:tion 11 .2 regarding ti guros precededl I Vn ast o'i;k.

:i77,f s representing elor rate (in per cent-) ,,eodc '," . in }erh 1
Sc. . are r-eated to leen 1)t H ('. .

Ave rage, 3 weeks, week 1'4 N/A 6 Average 3 weeks, \.ee 39:,,
3 weeks, week 33.34 N/A ,,_ '1 oth;

- 4 weeks, wek 33 N/A " 3 rumrlt.;
3 weeks, week 33,34 N;,/. 9) ,t
3 weeks, week 2't N/A

T,i e I .2. 1 (lohImTlli cations p:ErtOllirinCe. The numbers represent err.orfltrs per-
.iA ,;d ON ',itil transmitted Fra(I5:/v. ,k 1 Ap il - 30 Septooner 100 8).
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11.3 Event Detection operation

In Table 11.3.1 some monthly statistics of the Detection and Event

Processor operation are given. The table lists the total number of

detections (DPX) triggered by the on-line detector, the total number of

detections processed by the automat-ic event processor (EPX) and the

total number of events accepted afteiz analyst review (Teleseisic

phases, core phases and total).

Total Total Accepted events
DPX EPX P-phases Core Phases Sum Daily

APR 88 10825 1135 277 72 349 11.6

MAY 88 5400 941 264 96 36C 11.6

JUN 88 6600 910 199 55 254 8.5

JUL 88 8850 1191 295 87 382 12.3

AUG 88 12750 1191 210 71 31I 11.0

SEP 88 9075 945 222 60 282 9 4

1527 441 1963 10.7

Table II.3.1 Detection and Event Processor statistics, October 1987
March 1988.

B. Paulsnc



III. OPERATION OF NORESS AND ARCESS

111.1Satellite transmission of NORESS data to the U.S.

The satellite transmission of data to the U.S. from the NORESS field

installation has jencraly been very stable, exept for occasional

intcarruptions due to ;powcr breaks and control line bre3ks. The(se

cut,.ge pecods ,,rc, i tedi in Tab)Le 111.1.1

10 Apr 0600 to 0745 power breaik

20 Apr 01605 to 1310 power b)reaik

92 Apr 0617 to 0916 power break

30Ar 88 o1417 powe r break

4May 2056 ,o '- Nay 0023 power break

M' V 2100 ('10 MTay ()3 21 power break

12 Nv .20 o 22317 power break

1' a,; L123 to 1124 control lilies down

Z,) .Ton 1050 to 12I cnyot io I i nes down

Aug 1200 to 1 209 chpcking out transitter

p I I - .~ tI . I 8 P - o o

he ot:3il ptimii for th-e N, HESS kic a:ion for saitel litecn;li-

sion of dlata to the IP.S. ..,,s 9.::owljac&'d to 9)7. 14, for- the

previous V-riod.



111.2 Recording of NORESS data at NDPC. Kieller

As can be seen from Table 111.2.1 the reasons causing NORESS outage can

be placed under the following four groups: Transmission line failure,

power failure at HUB, power failure at NDPC and hardware maintenance or

failure.

The average recording time was 97.8% as compared to 95.4'* for the

previous period.

.................................................................

Date Time Duration Cause
.................................................................

18 Apr 1403-1427 24 m Transmission line failurf
20 Apr 0817-1115 4 h 58 in Power failure at HUB
22 Apr 0826-1047 2 h 21 in Power failure at HUB
30 Apr 10:0-1736 6 h 46 m Power failure at HUB

4 May 2311- 49 m Transmission line failuie
5 May -0458 4 h 58 m Transmission line failure
9 May 2313- 47 m Power failure at HUB

10 May -0509 5 h 9 in Power failure at HUB
10 May 0722-0749 27 m Power failure at HUB
11 May 0844-1304 4 h 20 m Hardware maintenance at NDPC
11 May 1308-1309 1 in Hardware maintenance at NDEC
11 May 1417-1535 1 h 18 m Hardware maintenance at NDPC
29 May 1626-1846 2 h 20 m Power failure at NDPC
29 May 1856-1911 15 m Power failure at NDPC

10 Jun 0501-0615 1 h 14 m Transmission line failure
20 Jun 1008-1908 9 h 0 m Transmission line failure
22 Jun 1336-1346 10 m Transmission line failure
28 Jun 1900-1932 32 m Transmission l ine failure
29 Jun 0825-0957 1 h 32 m Hardware error at NDPC

1 Jul 0156-0304 1 h 8 m Power failure at NDPC
6 Jul 1016-1254 2 h 38 in Hardware mainttiance at NDPC

14 Jul 2002-2106 1 h 4 m Transmission line failure.
15 Jul 1810-2017 2 h 1 in Power failure it NDPC
16 Jul 1658-1813 1 h 15 in Transmission line failure
19 Jul 1653-2037 3 h 44 in Power failure at NDPC

5 Aug 0248-0404 1 h 16 m Power failure at NDPC
10 Aug 1046-1102 16 m Hardware maintenance at NDPC
16 Aug 1330- 10 h 30 in Hardware failure at NDPC
17 Aug -1102 11 i 2 in Hardware failure at NDPC
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13 Sep 1630-1842 2 h 12 in Transmission line failure
13 Sep 1045-1846 1 m Transmission line failure
15 Sep 1054-1251 1 h 57 m Power failure at NDFC
20 Sep 0903-1239 3 h 36 in Hardware maintenance at NDPC
26 Sep 2305- 57 m Transmission line failure
27 Sep -0554 5 h 064 n Transmission line failure
27 Sep 1402-1406 4 mn Hardware maintenance at HUB
27 Sep 1445-1451 6 m Hardware maintenance at HUB
29 Sep 1124-1146 22 m Hardware maintenance at HUB
29 Sep 1203-1238 35 m Hardware maintenance at HUB
29 Sep 1324-1329 5 in Hardware maintenance at HUB
29 Sep 140-1410 1 m Hardware maintenance at HUB
29 Sep 1415-1412 1 in Hardware maintenance at HUB
29 Sep 1421-14'22 im Hardware maintenance at HUB

alr'ie ITT.2.1. Int. ri iption:; it) NORESS recordings at NDPC, April
September 1988.

ion: y upties for tie Noress on-line data recording task, t-king

ir.-- accn':nt all tactors (field insta~llat ions, transmissions line,

ds,. cenr-tr operation) affecting this task were as follows:

April • 98.0%

:liy • 97.3*

June • 98. 3%

LV 98. '

AIus t : 96.9%

September 97.8%

Fig. 11.2.1 shows tIC upI inne for IIe datI re orling task, or iqtj i

" alently, the avai labi I fty of NORESS data ii our tape archive, on a

do y -Iv -inv basis, for the report in, per iod.
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Fig. 111.2.1, NORESS data record i nup tI jine tor Apr ii (I (
(middle) and June 1988 (bottir).
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IDA Y1S

Fig. 111.2.1, (cont.) NORESS L.it ' recording uptime for July (top),
August (middle) and September l1"89 (hottoin).
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111.3 Recording of ARCESS data at NDPC, Kieller

Monthly uptimes for the ARCESS on-line data recording at NDPC, taking

into account all factors (field installations, transmissions line,

data center operation) affecting this task were as follows:

April 97.2%

May : 79.6%

June : 19.6%

July : 87.8%

August : 87.0%

September : 92.0%

The main reason causing most of the ARCESS outage in June was a serious

breakdown of the Sun 2 processing system and subsequent work in

aonnection with transferring the data recording and processing to a Sun

3-based system. In August work on a new power line at the array site

was the main reason for the outages. Other reasons causing outage in

the period are: Transmission line failure or line testing, power

failure at the HUB or at NDPC, hardware and software work or tests at

NDPC.

The average recording time for the period was 71.2%

Fig. 111.3.1 shows the uptime for the data recording task. or equi-

valently, the availability of ARCESS data in our tape archive, on a

day-by-day basis, for the reporting period.

1. Tl'€, tvei"



fig. 111.3. 1. ARCESS (LtIa.1- Il' IIIt L11 f 01 A1,1 i tOp ~ a
(middle) and June 198,1 (1tI (I,
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IV. IMPROVEMENTS AND MODIFICATIONS

IV.I NORSAR Detection processing

The 'new' NORSAR detection processor has been running satisfactorily

during this reporting period. Detection and data quality reports are

now groupc-d into day-files. File names are, e.g., NA088231.DPX for

detections and NA088231.REP for data quality reports for day-of-year

231 1988. File naming is automatic with file name prefix equal to

array code (i.e., NAO for NORSAR, NRS for NORESS, FRS for ARCESS ....

Detection processing for NORSAR, NORESS, ARCESS, FINESA, GRAFENBERG

and other data sources has been executed satisfactorily with the new

detector program using a macro language recipe as described in

scmiannual report No. 2-8/87.

MODCOMP subarray communication

No !odification has been made to the MODCOMP system.

IV.3 NORSAR event processing

There are no changes in the NORSAR event processor code.

IV.4 NORESS detection processing

There are no changes in the 'online' RONAPP detection processing.

Parallel detection processing with various beam sets has been perforir,

to itvestigate detection capabilities.



IV.5 ARCESS detection processing

Detection processing and f-k analysis for each detection have been

performed in an off-line mode for the periods: 1987 (days 306 through

364); 1988 (days 006 through 131 and days 229 through 233). Regular

detection processing in near real time has been performed on the Sun

system since day 223 of 1988. The automatic data quality control

software has been updated to detect and mask channels with data spikze,

and events within or very close to the ARCESS array.

IV.6 Event processing

A new event processor code is under developmeit , and f-k analysis

for NORESS/ARCESS/FINESA has been periodically performned on both

IBM and Sun systems.

The event processor package follows the same design as the dete-tio>

processor with regard to macro langguage input The ARRMAN program

system which handles input from NORSAR, NORESS, ARCESS, FINESA.

Grafenberg, GSE level 2 as well as the CSS 2.8 format, is included 'r

both packages. The package operates on archive tapes, disk files and

disk loops, as available. CSS 2.8 is implemented only on the Scn

computers, whereas the other formats can be accessed from either IBM or

Sun.

NOGRA - NORSAR Graphics package - has been implemented by NTNF/N'ORSAR

for graphics output under IBM/GDDM, IBM/GKS, IBM/PII[GS, Sun/X11 and

Sun/Laser. Standard graphics user routines using NOGRA have been

developed for f-k plots, power spectra, interactive trace displa-,'.s,

etc,

The event processor code executes broadband f-k analysis and uses

velocity to report preliminary phase determination. The intention is :0

process detection information from one array at a time, and produce

reports with velocity, azimuth, quality, polarization, frequency,
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amplitude, and (preliminary) phase determination. Preliminary epicenter

determination will be based upon one-array data. Improved location

estimates will be based upon these reports using several arrays and

Scandinavian stationis when available.

Emnphasis will be put on flexibility and suitability for research

applications, and the work will be coordinated with the efforts on the

Intelligent Array Processing System (IAS), which is scheduled for

delivery to NORSAR during the summer of 1989.

IV.7 Upgrade of the ARCESS data acquisition and processing

hardware

Up to June 1988, the ARCESS data acquisition system at NDPC was based

on a temporary solution, using a Sun-2 computer on loan from Science

Eor i sons. Vital hardware components of this system failed in early

June and there was a halt in the recording of ARCESS data, which

la.ted until the new Sun-based system (which was delivered in late

June) became operational in early July. After the installation of the

ne..' system, the hardw-ire configuration is essentially as shown in

Fig. IV.7.1 in NORSAR Scientific Report No.1-87/88. Two Sun-3/280-

computers handle the data acquisition and data processing tasks, and a

Sun-3/260-compurer is available for off-line data analysis.

J. Fyen

P. Paulsen
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V. MAINTENANCE ACTIVITIES

V.1 Activities in the field and at the maintenance center

This section summarizes the maintenance activities in the field, at the

maintenance center (NMC) at Hamar and NDPC activities related to

monitoring and control of the NORSAR, NORESS and ARCESS arrays.

Activities related to the NORSAR array have been diverse, and most

tasks concern corrective maintenance. Scanning Table V.1, we find that

repair/splicing of seismic cables is prominent, but we also find

repair/replacement of electronic equipment such as modems, SLEMs and LP

seismometers adjustment devices (RCDs).

In addition to repair/repositioning of antennas related to the 02B

telemetry stations, the NMC staff have taken care of such jobs as

adjustment of Long Period seismometer parameters Free Period (FP) and

Mass Position (MP).

The NDPC staff regularly monitor the subarray electronics, including

communication systems. LP seismometer parameters FP and MP are remotely

adjusted. SP channel parameters such as RA-5 gain, RA-5 3 dB point,

filter ripple, LTA time constant, seismometer sensitivity and natural

frequency are evaluated by means of special on-/offline programs.

The NORESS field system performed entirely satisfactorily throughout

the reporting period, and only a few corrective actions were needed.

Details are given in Table V.1.

During a visit 9-15 June to ARCESS, a new Global Positioning System

(CPS) Synchronized Clock was installed by Sandia engineers in coopera-

tion with NORSAR field personnel. During the same visit, all the fiber

optical cards were modified. The modification made it possible to

adjust the frequency and the phase of the clock signal for the optical

data links between the HUB and the remote sites.
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The KS-36000 borehole seismometer has not been operating properly due

to 120 Hz oscillations in the two horizontal sensor modules. It was

therefore decided to pull the seismometer from the borehole and to send

it back to Teledyne Geotech for repair. This was done during the 9-15

June visit to ARCESS.

During the same visit, a cold soldering on the interface card in the

Communications Interface Module (CIM) was repaired. After that repair

was carried out, there has been no failure in the data link to Kjeller,

which can be traced to the CIM at ARCESS.

It was found in September that the CPS unit did not operate properly.

We found that the United States Naval Observatory (USNO) and Department

of Defence (DOD) had changed the data content of the GPS signals being

transmitted by satellites 6 and 9. This change of data contents

inhibits the NAVCORE Signal Processor from acquiring these satellites.

In addition, this change also inhibits the NAVCORE from acquiring any

other satellite while satellite 6 and 9 are selected.

Since the USNO was in the process of changing the data content on all

of the satellites, and in order to fully correct this problem, the CPS

unit was sent back to KinemetricR for a software modification that will

allow the NAVCORE to decode the new data format.

In order to have a timing system at ARCESS during the period the GPS

will be in the U.S. for repair, the two IF-DC Synchronized Digital

Clocks were modified to work properly under marginal receiving

conditions.

During the summer months, all seismometer housings of the ARCESS array

were covered by moss, in order to reduce as much as possible on

background seismic noise from wind and rain.
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Subarray Task Date
Area

02B Temporary antenna repair and repositioning 14,15,25
(telem.) April

060 Three visits to the SA in connection with May
testing of a SLEM which had caused timing
problems before

NDPC Remotely measured/adjusted 1P seismometers with May
respect to Mass Position (MP) and Free Period
(FP). Subarrays OlA, 01B, 02C, 03C and 04C

02C, 03C SP channels evaluated by means of the
Offline program Chanev SP. Parameters such as
filter ripple, LTA time constant, RA-5 gain,
RA-5 lower 3 dB point, Seismometer sensitivity.
and natural frequency determined

02B Adjusted SP/LP gain and Offset 3 June

04C Remote Centering Device (RCD) EW seismom.ter 24 June
replaced

OIA,OIB SP/LP gain and offset adjusted 27 June

OIB Seismic cable SP02 spliced 29 June

03C SP/LP gain and offset adjusted 30 June

02B Found seismic cable SP02 damaged 3) June

NORESS Array checked together with Sandia reprek,,un- 8 June
tatives

ARCESS NMC staff and Sandia representatives vis,'W(d 10-1.5 Junc
the array in connection with modificationi and
timing of Fiber Optical systems. A Global
Positioning System (GPS) was installed

Table V.I. Activities in the field and the NORSAR maintenance vente.
including NDPC actitivites related to the NORSAR arrav, I April
30 September 1988.



S Ubarray Ti 5 k Date
Are a

NDPC Daily check of SP and 1P data, including comm. Jn

systems. LP seismomet-ers outside specifications
Adjusted, Free Period (FP) and Mass Pos. (MP).
SP channels 01B, 02B and 04G analyzed with
respect to vital parameters by means of the
Offline program Chanev SP

OIA Cable repair SP03 3,8,12
July

k 6 Cablt- repiri SF0? 1 July

Cable rkupa i 2S 19 July

(2; Cahl 2 r.-pa ir SPO2 2 2 J ulY

04C Cabh Le . SOi 20,26,27
28 July

USC Cable repa ic S1104 13, 14 Jul

IN11PrC Daily routilie che.-ks t-hroughout. the monith * Ilv

ARCF.SS Rep Ilred satellite recciver clock 1); tht, "olId" 4 August
itcc .'e r.a HF I ir ray)

.,ORIFS;S Satelliite t-ansni t. elr f.requenc 'y decrea,-sed by 19 Ags
305 fi : . flub prev~-t, flainteonaice cairried Out.
Remott sit (-K power supp ly rep.,i i-td 26 Augus*t

BCable ,,oi-k SVOS' 3 .-4 A u E L1!

02B Rcjpi :,d modem and(. SVEN Digital 11ni ] 117,2'
?4 ! urist

02B, Gable work " P02 10 AlI 'us

0'4C The S:A wais visited inl orde.r to solvt ai u;perji l 19 Allfuus
NS LP c isw. probl1emII

Table VA1 (Collt.)



Subarray Task Date

Area

NDPC Regular check of SP/LP data and comm. systems. August

Weekly calibration of SP/LP seism. carried out.

Adjustment of LP seisnometer (MP/FP) done when

outside tolerances. In August the capability of

the 02B, 02C, 03C and 04C A/D converters was
verified by "online" data acquisition "test 48"

and the "offline" program MISNO

NORESS Routine visits SE-! tomhr

ARCESS On site Al the Optical Fiber Transnmitter was September

replaced. On D6 the Hub 61 and 70 cards were

replaced. The DHL 70 card on the north-south

component on C2 was replaced.

NORSAR Regular check of SP/LP data and comm. systems. September

Weekly calibration of SP/LP seismometers. Mass

Position (MP) and Free Period (FP) outside

tolerances adjusted. Besides, data acquisition
"test 48" and offline data analyzing program

Misno run on subarrav 0]A

Table V.I. (cont.)

V,2 Array status

No changes or modifications have been iinplem,-ni ed sin'ce t,

report.

As of 30 September 1988 the followiig NORSAR ciihinniel !, do" t.d f rm

tolerances:

OIA 01 8 Hz filter
02 8 Hz filter
04 30 dB attenuation

UIB 05 bad cable

L __ III I



02B 08 FP not- Udts beme~uaicr )in NPVl'i

3 F", L I~ju ilf', f roin NDP('

Our , roa--dboid [I I tcr c jw:ta I i -

Or -he occasior of the Soinipalatitisk JVE explosionl on 14I Septerphcr, t-11

gain of rhe NORESS 3-componoent: instrument at- site C2 was reduced by 20(

dB.rTis chIangE( wao ffective on 13 Septembe r at. 1 700 GMT , and the go ii

',.7as back to normal from 16 Svpteiber at 1/1OO -GMT.

No i RCE'S ch,-in,-DI di x'ia t-d from their standards during the reporting,

PCa:- OLI.

C) A. loonsen
P.Wt'. r'e
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VII- Specural analysis of Shapan River explosions recorded at NORSAR

and NORESS

As shIown hv Riurdal anid Fink land (1987) , NOP-SAR recordings of Lg and P

coda- ran provid dvt 'rv stahi' -s mte of' the magnitudes of underground

rnclear explos ions a! the Shagan River test sit-e. These data thus hold

cons iderable promise ii so ,Iat inn to ohtai ning accurate yield estimates

for The purpose of Vt'rifi I r a th:reshiold Les5t ban treaty.

To a iwest igate -,hec olwerv.t tonal has is for es -imacion of magni rudes

hae1on P-coda and L:--, measluremlents, WE' have' calculated power spectra

friar NORSAP ecsOii' Of 11bout twe(,nty Sh~iaa River explos;ions.

Vh - mean spert-izrn of -,he NORSAR short-period channels and the cuirves

1 'snt ogpl1 iSP vi ns two standard deviations are estimaited for noi-w

prt . eding- the I - pli~s, for :-coda and for Lg. Tho~ time windows are

ryan_ il to 'hose? app1 ed lrV P ingdail anid Ilokand (1987) for estimating RM-S

na,-, -l r ma p: :1tudi-d We ,.Ill rot go i nto itctall onl their procedure , but

po 1St out. that: lie R.SP' of 1,iisc- P-rnda :alsl tAX. were c:alculaited from

tsi~S hadpass -til'tid b he:'4t- n 0J).61and > 9 i. Ill i

the spectra, troi tint, Joint ':eri [icat: on lFxperi rent (,TV[-) exp us ion in:

tilt 5)aanPiver re-gionl of Sept ('ililer ;6, T ' il, .. 1-

sp c trum across :ORSAR as-i Wel -:; curve-s corre-sponding to pIlus/mlinuIs

two standard de'.)atitens. !t ,lit 1 0.,-(6-.0. If:-, we, find t linit t-he

variations across; th NORSAI9 aito',, are( of' coiniparalle sizc for both

not e, P coda mi1d Lg, and thne san wrnat in0 cli~racte Si _irs aleo app'.:

to the other evenit s i: vestfIga ted in t his su udv.

A proc)redure to cnmp~inslji to for t~h- lbackgrollnd noise _eve 1 forms part- o

tl-e IRUS magnitude, measurements This. proce-dure can be simulated on thlt

power spectra by sti tact in1 , t he pre- P noise from the, P-coda or Lg,

spti:ra . in Fig. VII .1 .2 we- iliist rate the(- hack-gr1ound( nloise compensa-

inn hi' slowing the setaof tha noi se , of' I.g andtiof I.g minuts noise.



We ntieo that irt this cas e the tttfect, of thn 1miso 'tlt(taa i., I

'It Llie frequency band with the maximum power (around 0.8 Hz) . In fac*

the noise compensation only becomes important for the Iiver magnitudo

events. In the following, references will be mnade t-o noise-corrected LS

spectra only.

Note that the Lg spectrum of Fig. VI1.1.2 exhibits a peak hetwe~ti 0>

and 0.8 Hz. From the NORSAR short-period response given in Fi6.

'711.1.3, we can see that in the frequency range 0.6 to 3.0 Hz the

amplification is varying by a factor of ten. If the dominant- frequencv

of t-he Lg phase were to vary significantly from evi:ntt to oeft. t-he

RMS-based magnitude estimates could be influenced by thE -aryiij;

amplification. To investigate this problem fur-ther, Fig. VITA .a shos

expanded Lg spectra of eleven events front the stbe.rnpart of the

Shagan River test region. The RMS Lg magnitudes ranC' from -5.(7 to

6.19. Al though there is a tre-nd of lower dominanmt t-!(~ 'I L

highest peaks, the actual variat ion is snai I1. [it Vi-. V I .1) S hi

similar spectra for s(.vef events from the northeast- riiar of the

Shagan River test region. The R-MS L.g magnitudes fo'- thinse event-s vary11

from 5.87 to 6.11.

Ringdal and Hokiand (1987) found in their stuo ot 1,g .t>

magnitudes from the Shagan River test site that theri-t was a s4--

nificant regional anomaly within that site. It, the otcase pr

the P-coda and ISG magnitudes were consistently low :~ >~ olg

whereas in the southwestern part they were comsnsteiuntl% Lirb. f

investigat-e whether this anomaly is reflected in th, 1,.c,

have plotted in Fig. '711.1. the peak Frequencies I or t Itu event' i i iv,~

tigated as a function of RMS Lg inagni tudc . with di! r, iava'Yho't",

for the two subregions. Al though there are~ a couple (dt uu I ict t 1th

the events from the NE part (crosses) and the SE par t JFilled rec-

tangles) follow the same trend of lower dominant fr~<qUen,. for hi1ri,,<

magni tudes. Front the results given in Fig. VII1. 1.5 we can inft t hat

the Lg peak frequency characteristics do not differ signi ficant ly fro:'i

the NE to the SV part of tht Shagan River test site. The overal.

variation of the dominant frequency amtong the eve-nts of (Iifferet't



finag' i tilde [s les'; t Ib i). i0 IL.. . thL Iere fore I ill d thaI r, al i f i(U-it i 01

differomcs , s" fig. VIJ .1. 3, Ar L1 ito influencE the variation of t K-

iragitude estini.ir~es ,1;gnificantly.

In M;g . VIIAI . and M11 I.0 we have calcul ated P'- coda anid Lg spec t r.

for two Shigan River event s wi th comparable RMS Lg magnitudes. The

evenL represented in fig. VII. 6a is located in the SW region and has

an IiYS Lg magnitude of 5.16, whereas the event given in Fig. VII.1.6b

is l1ocated iii t.:e NE region and has a magni tude of 5i.8i. The feature we

w7ant, to emphasi ::e frow thi so f igures is that the P-coda spectrum of

the SW event- ic, -wel hbove that from the NE event in the (ttire

freque ncv ranigc 0.6 to3.0 ! iz . ()in the other hand, the. di fferenci s in

the Lg spetrwa Are stkl 1;.i& ar confined to Lhu frequency iange 0,6 LO

1.0 [P7,

For vii I.;ACi ai magnitude, the SNR of I&g at NORiSAR is too

l ow I or a pp)I i CA: i on 0o LF,- ha scd ma gn Ltude in asurentent s. I n tieor , the

S "" courld 'C'[vr'c through heamforming . hut in prac t-ice the Lg phase;t

0A. .:C nb re nc .v across NO[NSAR f or ti s to be meaningful . (On the

otUL 2:11 tl ORKS>- arriv har!; s:hown an oxct~1 I .nt capabilFity of

2;ht T~. N !) Fir_ I .1 . I/i v-- slnhw titc ine~iii NiDRESS spect cii

for qNiso prec, *!" P ['rate inI for 1'. The 'vc w: considered i s t 1,

.JVE Kp! n: i on o A~ p: '1)01 i 1 , I eVA . ,; (.M ILHz t !, SN:R i ahoui 11

( iC' r[tel s . 1 '; f oru'rini, a herr1 f reml f 1h. center i r";*' ,um1ont and!( the( D)-ri n-

of NC,; [55 a ir,' .v.; t1. ;:c "(. i :i, d,. I ' ' (). corre ponld i :)T an Il appi r 'Ii

velocity- i, '.2 hnr/'. .1nd tihe azirunut h to the( SiragVan P ivel test Site 8'1

ri ;e; hf- S':[ can het qicr'ijt ic'irit 1 V imrrvi d. Ill Fig. VI I .I. /h, %;,

sito'. thec )am :;rvct ra of noise "cnr 1,' and Find andI SINEZ of 17 dt'c iii V;

at i ..8 hi' . iup iriglp' tilE ESM Lg, measureilents of Shagzin River

expl osions may he (ii,w for Event of 6 dlB (0. 3 ib1 units) lower tihan I e,

NOPS -\R . Howeve r . in the low- SNR cases where we hilve to apply thec

lbeawiformirigre VE'IIlr onl NORESS. ar ray recordings., to -htai a Lg

tide d'tA tlt I ti 1 variance in the est-imate will he larger than

fr thr hiih SNP cases win re we can a "e rage over lhe illi NORSAR a rr .c'



To illustrate how NORESS beamforming works for the Lg phase, we have

applied the wide-band slowness estimation techinque to NORESS short-

period recordings of a 16 min long wavetrain comprising all phases trom

the JVE explosion. The center instrument and the C- and D-rings were

analyzed in the frequency band 0.6 to 3.0 11z. Each time window was

three seconds long and the separation between the windows was ot.e

second. The results are given in Fig. VII.1.8 and show the following

In the upper panel, the intermediate period vertical chainel, bandpasK:

filtered between 0.6 and 3.0 Hz is displayed. In order -arc clea:-v

visualize the PP phase, occurring after about 120 seconds and Lhe Lg

phase arriving between 750 and 870 seconds, we have- clipp,.d tha

amplitude of the P-phase in the plot. In the second panel, t1: airr th

from the slowness analysis is given. The size of the ripa repiesen' a

coherency measure of the slowness solution. Alt-hoth there is a

relatively large scatter in azimuth around the theoretica I valu of

about 80 degrees, the time intervals; around P. the earl' P-coda., PP ,n:d

Lg show a more uniform pattern than the rcst. The slownw- or caapar."

velocity estimates, given in the lower panel, show that h,.twcei: P a n

PP the apparent velocity is consistently above 10 ki/s. It th..;i dr

to below 5 km/s after about 6 minutes, and then stays at bhout 'his

level throughout the wavetrain. The relatively consistel.t azim tth aid

apparent velocity estimates within the L.g wavetrain explain why the

beamforming works well for this phase.

Conclusions

In: this study we have presented some result.s l1 ustratin,, .n0 , th

features related to magnitude estimation based on RW.IS I,, iid RN,.S

P-coda measurements. The Lg spectra from both the Nf- and rht S'< ,irrt of

the Shagan River region show lit. tle variation in sp,- cft'. ciap' and

dominant frequency. Even though the RMS l.g magnitudes _i, compited

from traces filtered in the 0.6-3.0 Hz band, the spec t ra Thow triat tt,,

signal energy level between 0.6 and 1.0 Hz essenti,,illv detrrini'-,s thi'

Lg magnitudes.



For avent.- from FIN Sliaigati, the spec tral di fference between P-coda anid

Lg .s larger thain for events from the NE part. This applies to the

entire frequency, range 0.6 to 3.0 H1z . It also follows that the

spectral level of the entire frequency band analyzed (0.6 to 3.0 Hz)

contributes to Ohe RYS P-coda magnitude estimates.

In cases where t-he single station SNR of the Ig is -oo low for Lg

magnitude estimation, we can employ the beamforming capability of the

NORESS array to improve the SNR. About 6 decibels SNR improvement can

be ac7hi eve d, i.e., nahout 0. 3 magnitude units. The applicability of

beamfortring of -lhe L.', ph;,,ss has heen demonstated by running moving

rim- window slowtiess- anial ''is On ii 16 mii.ites long window covering all

phases from a Shagani River nuclear exp losioni.

T. Kvarra
F. RinpdalI

P e fe rence s

Ringdal, F. and B.lKr. Hokland (1987): Magnitudes of Semipalatinsk
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Fig. V11.] .1. Miean uncorrected NORSAR power specti-a of ii ,ise precedirg
rhe P-phase (a), P-coda (b) ,and Lg (c). The upper and [ov.-(r curve,(s

indicate plus/minus two standard deviations. The event anal 'yzed is the.
.Joint Verification Experiment (JVE) explo0S io ()IIIL th11k Shagoin Rivor tes-,
site on September 14, 1988,
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Fi~g. VILI.i.2. The noise compensation procedure is illustrated in this
tigu. The upper spectrum represents the Lg phase from the JVE, the
lnwc r spectruin r-epresents noise preceding the P-phase and the dif-
ference is given in the middle. Note that the frequency range around
the spect,-,l peak of ]-g is marginally influenced by the noise compensa-
tioll.
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inVJ~i.3. NORSAR T-hort-period velocity response function.
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Fig. VII.l.4a Expanded plot of Lg spectra calculatEd from NORSAR
recordings of eleven explosions from the southwest(rLn pzirc of the
Shagan river test site.
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SHAGAN RIVER EVENTS
PEAK FREQUENCY OF LG AT NORSAR

mn ×
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Fin. VII..5. Peak frequetncy versus RMS Lg magnitude for the events
given in Fig. VTI.l.4a and 4b. Crosses represent events from the NE
part of the Shagan River test site, whereas filled rectangles represent
events from the SW part:.
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Fig. VII.1.6a. P-coda and Lg spectra from the JVE explosion of
September 14, 1988. This event is located in the SW part of tl-e Shagian
River test site. The RMS Lg..magnitude is estimated at 5.90.
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Fi.V -. b P-coda and Lg spectra from an event of 12 December
1984. This event is located in the NE part of the Shagan River test
site and the RI4S Lg magnitude is estimated at 5.87.
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Fi.VII,1,7. Illustration of SNR gain for Lg by beamforming using
NORESS data from the JVE explosion. Panel a) shows uncorrected NORESS
power spectra for Lg and noise averaged over all individual seis-
mometers. Panel b) is based on a beam formed from the center instrutment
and the D-ring, using steering delays typical of Lg phases from
Semipalatinsk (phase velocity 4.3 km/s, azimuth 80 deg). Note the
considerably greater SNR for the NORESS beam.
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Fig. VII.l.8. Results from slowness analysis of NORESS r(ecordings ()t
the JVE explosion. The upper panel shows the intermnediate period
vertical component bandpass filtered between 0.6 and 3.0 Hz. Tile
middle panel gives the azimuth solutions and the lower panel the
absolute slowness (inverse of apparent velocity) solutions. The size
of the circles represents a coherency measure of thle indi-idual
estimates.



VTI Sta ti stics of ISC travel time residoals

The locat ion of seisic events by a network of stations requi res that

adequate! theoretical travel tine(-s are available, either h)% interpola-

tion in tables. or by calct'1 ating the times in ai referenct, velocity

model. Des pite obvious shortcoming-s the Jeffrey--Bui Len tables; arr

still in use at the major seismological centers for locating events.

The mor-e recent PRV~M nod-I (Dziewonlski and Anderson, 1981) is more

satisfying in that iK was; constructed to fit a large seismological datCa

set ;.ncludig froe oscillarion c-l'enfrequencies, but the Original

transversely isotropic model is not well suited for routine travel tirie

calculations, -ind the isotropic- version of' PREM has not been adequatecly

te-ste d agaFist rFriv'1 rime observations. Here we report on the

stat1st icS ofteleeini travel time residuals with respect to the

LS otop~cPRE*I.

,.,e '-4ve e\Lract d P at rival time data from the ISC bulletins for the

1994', PeP ird PKP for the years 1975-19814, and PKKP for the years

1964-1984. Addit-ional PKKP and PnKP, n > 2, were taken from bulletins

of the original I-ASA and NORSAR arrays, and from special publications.

All data were s-zbjected to a standard processing sequence, similar to

that of others: RE'sidults Were computed relative to PREM, subjectedl n)

station correct-ions. correct(d for (cliipr:ici tv, and lower mantle

vani at ion q and corrct( *,'( forF tJ1e t fft-C t-.; of source structLure 'Hrd/,)r

misiocatinn. Data belonging to a particular branch were finally

averaged to form 'summary ray' diaa based on pairs of approy:itmatel ';

equal area ; blocks (equalling 10 x- ]100- at the, equator). For detaiils, of

the dat,1 selecti on ind processingp we reot c to Doornbas and Hilr on

(1988). The number of 'summary ay daita; finally obtained were~ ffec

P, ]li69 for PcP. 1395 for PKP (13C:), 8/1 for PKL' (AB), 686 for l'KKI'

(13C) . anrd 189 for k'nKP (AB).

Typical Cxample!s of histograms of summary residiril data] are shown in

Fljg VI1.2. 1. Inthis figure we have aliso plottred the data from deep

eIets A* compa r I son -tigge St S t.l a it read i 1q, Er ro rs ar(- s ign i f ic a it

-,) ajL-.- for -irrivals from shol 11w events: noto that tHie nuimber of



late readings is reduced in the data from deep events. For the core

phases and for P at distances larger than 850 (P2), the early parts of

the histograms for all data and for the data from deep events overlay

quite well. This means that the upper mantle model of PREM is consis-

tent with the ISC depth estimates. The P data at distances smaller than

850 (P1) are different in that there are anomalously many early

arrivals from shallov vents; this may also explaii tl,e relatively

large variance of these data. It is possible that one begins to see

here the effect of subduction zones, since many of the events occur

within these zones.

Fig. VII.2.1 also shows that there is a -significant me~in resid!ml lef

in the data. This is especially clear for the core phases, and we can

infer their relation. If the sampling by summary riy;s is reasonably

uniform and if nonlinear effects can be neglected, ilien for any

particular phase the mean residual repre.ent.; the cffects of dii-

ferences between PREM and the spherically averaged earth, and/or

systematic reading errors. The PcP, PKP and PnKP mean residuals Tor

summary rays in the same. r-y parameter interval are expeceted to folle(,,:

a linear trend:

bT(PnKP) -= 6' m + nbT c ,  n m 1,2,... (,

where 6Tm T(PcP), and 6T. represents the rt,sidual ifter one ,a;sa.

of the wave through the core; both the velocity str'icLurr and tho cor.-

mantle boundary level may contribute to the residual. A :elation of -h,-

form (1) can be discerned for the phases with ray parame'crs above

4 s/d, but surprisingly, PcP, PKP and PKKP in the r.iy parameter rang"

2-3 s/d do not follow a linear trend. One possible (xplanitioil, now

under investigation, is based on the fact that PeP -it small distances

is weak, and known to be often unobservable. It is therefore )ossible

that PcP (and possibly PKKP) is observed primarily in circumnstat'ce!, ot

celatively strong focusing, with an accompanying phase d( i;y.



It tos also of interest to note that tile variance of the PKKP data is

not much Larger &hani hat of PKI' in the so~me ray paraiietter range (2-3

s/di. It is convenient to plot the variance of the- various phas;es as a

fun,'-tion of ch tir sensitivity to variat ions of deep earth structure'

Hera we give suO a relation between the variance of the data OT2and

the variance Ni core-want 1 houndary t opographly r 2. FOr PcP:

C T(,J 1- 2 p 0 r 2(2a)

a~nd for PnKP i f the pertrb t 1 e ns 6r in tile sanmpli g por's r 1 are

uncerrel ated:

2F 2 - 2 P21

Ht-re Yj - /v, arid a En:perscript +/refers to tile top/hot' omside ofth

i3ou,.ldarv. In Fig. VII. .3 the variance of the data suhsets is plot tedl

folloC/win;' equation (2) . One, inference from this figur-e irs that the PRY 1'

atsimp lv i reidtivK7' smooth core -mantle houndan "i a., large sealIC

for)I i Ils-rat iv.u tpjw es the expected travel :irle vairiaince for or

i k.! is snhown iFig V11 .. 3. Aliothifr intercc tL;'-t modvls; ,

lar)'v-scaic~~ Hopa 'ravl ~ ep ear-th Stil'r tcaCll ("Tdil 1

at! i Vo IV sI I p'- rl: of hr I c.t a varian Ice

1).3J . Im)ornI Iho.

T. Hilt ("i

Re fe runccs

Doorohos , D.J and T, Iii on (1988): Modols of the core-ma-ntle
boundary and thli t ravel times; of int1e rntally refi1 et ('( CO I-( pbIn S

submit ted 1"r jt'ri~tIcatin.

Dzirvonski . A.M. and U. L. ,\iidersorl (1981): PrvelIiminary Reference EFarth

Model (PREM) .hm biie.Erth Pla.niet . Inter., )25, 297-356.
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Fiz. VII.2.1. Histograms of travel time residuals of I suiinary raN'',
data. Ray parameter ranges are 2-3 s/d for the BC branche.' of PKP and
PKKP and for PcPl, 3.5-4 s/d for PcP2 and >4 s/d for the AB~ brailles '4t
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85-950. all data; data from deep events (>40OO kml
depth).
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\' Ii .3Aode 1, 1 it ol L) - wave p ronaga t ion_ ac ross tnco (cyr ra 1 Cra>i

Of tIENrt S(a

1 his5 is the thirid a nd final1 report on modell Iing of L1; wave p ropaga tiotl

in Hie Central C rahen of the North Sea in an attempt to e xp lain tho
Vei: stronE, atteitnuacion off the Lg wavetrain observed in this area. III

the first report (Montpin, 1987) ,we presented the modelling inethod and

somr preliminarv tcstt. Tiu bulk of the modelling results, i.e.. the

ref] ectioi. and nraits,rsi on matricres for Raylei gh and Love type Lg-

modE.z; prop~agating at -. right angle or at an oblique angle across a

graben mode(l, wore prtosented in the second report (Maupin, 1988) . A

first interpretation of the inatricces showed that on the av'erage over

manr.- Lg w:iv, rtra Los, 80% of' the incoming Lg energy remaoinis in the Lg

cavo aftec p rop a Lj oi, ac t-o s the r-,rah~eni model.

The t~ ransm is ioen v a ffct s d!i t Cc en t v i ncoming Lg wave trai its vi ti!4

different modal contents. Thu m L Lye amp Litudes of the olif ficrtnt

mtodes , which depend on their e.cxi tatlion by the seismic souce, as we!

as their phase dif ter,-nces .heni reachinug thez Graben, which vary with

epicantral distince , define the modal content. In order to eXploi t Mor.-

comltpotc £'. the trarn',i s LO matri K we analvze here its ofEM MOtei

waerains Huem tdiffucrout goutc-c i t diffeorout (list1 Un csItIit h

!r1. Si nc the tasis oF I'P~vleigh and ho)ve wv\es at a right-

angle or at- an oblirlut angle acoross the mnodel have hoen found verv

sitil isI in the Secontd cepolv , uc conicentrate ('iw analvss heei to

Raylol.gh waves propagating at right angles across the structure . Ott-!i

a ther hand , he :ranse issi o a rio!;s three variant,-s o t the Cenltra I

Graben: model used in ,:j pyrn v Iot is t. fo-tis (and niov. r allfod model 1) are

al1so exam red . to acc ount fOr to t hie b)1ock -fau"Apr, At the G raben

imw g in (node] s 2 and ;. Fig. VI 1 . .1 or i roughtie ss of the sedIimnit -

ha seijet inte rface ( modelI 4, Vig. V!I .3.'. We a iso c xai in t It pha r

steh liq. th letriod )f iii, t Ii>;itt0( wvetralit.

Alt Ci nspect ior of the resul ts for different sour1ceS, we re ta ir three.

typi cal cases for discsrtsion: an explosion, a stike slip varthqluake

With a faul.t. ti -iat /')o fromi tie, ,rvjjt tr 1ev irect toe of the (;ieabenit



and an earthquake which occurred on the western flank of- the Vikling

Graben on 29 July 1982 (strike: 1000, dip: 630, slip: -l'/0o, after

Havskov and Bungum, 1987), for which we study the waves travelling due

east perpendicularly across the Viking Graben and to Norway. Ve use

ex flosions with 4 different focal depths, ranging from 0 to 3 kin, and

qaith-quakes at 7 different focal depths sampling the wholU, crust. Th,-

distances of the events from the Graben art! taken rangii!,: tr-o: to

1000 kin, with a step of 10 kini, providing i good sampling- -)f possibli:

phtase shifts between the different modes when reaching tiin (;raoen.

These events do not intend to model a complete or realistic st tuatio',.

but to provide an oversight of the effect of the Graben on diffecront: L,,

wavetrains. We recall that Gregersen (1984) uISOd mny~ cat :Thquak,. s i.

his study of the attenuation access the North Sea Qiitral Graben. ain-

pointed out that the effect does not depend on the ,ource.

The total energy transmission

For each source type, depth and distance, we cal ctla, -he amlounlt of

total energy contained in the Lp, waveti ii he fore and1a rpgtn

across the Graben. This total energy includes the rurwconinied ilt

the whole crust for the 11 Lg modes. For ea-ch --ourcf ~'.n 2

depth, the results are summnariz-ed in a histogrzm of tlh .:s,

ratios, which illustrates how their volues vary: for dif t( tit. sou,-rce-

graben distances.

One of these histograims is shown on Fig. VI1.2 .2.1 (isp,

values of the transmission ratios across model I for- an> v'raii

excited bY a Viking Graben earthquake at 15 kmi Local tcp'l. Th,

distribution is well peaked around transmnission rait ina (,f

llis.togramF for otht-r focal dept his, soitrce invchuini sii t i

s irniIa r ini sh a pe, w it h a n Ii gh t sh i Lt o f - 10~l .~~nr~1a

the surface. Fig. VII. .3, whert. incid(,Itt '11d me An atc t

,are plotted as a function of source type and depth, al-.o t~;tiiiles tniit

in the large- majority of cascs. 80% of' the incident co-iis t rans-

mitted as an Lg wave across our models of the Ce-ntrail Gr-n. T

remaining 20% is converted to Sri or other S waves propaigatiing inr thle

mnant le.
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'viis resul t is ii agreement with thie f indings inr report no. 2 , and

shc\:; that the total onergy transmission ratio is only slightly

dol, (ldent 0n th, sour. e mechanism which has excited the Lg wave tra in.

The surface energy transmission

Since surface wive-s have their energy distributed with depth dif-

ferently from oie mo,. to the other, their total energy does not

dircctiv indicate how much of the energy is confined close to the

surface, or eqtiivnlecr~ly the surface displacement. More in agreement

with w. hat can actuali'. he mneasured, we therefore also analyze the

rat i as of rransii'i tjod over inc ident surface energy. This surface energ y

is the enmrgy of trho %whole TLg wavetrain measured on the vE-rtical

.oiponcnL of .1ici po:,- The rat ios of transmitted over incident

mnaximumi vertica isp.crp' at the Surface were also colculated, but

-ire !uOt d. SCUSS,( d elr, since the more global eharcict--r of the evergy

:iakc., it-.a- prio.-i a iicr-e st !ie quantity for estimating the attetiua-

tier . todo, hovevevr . observe a high degree of similarity between tlie

ratios in onergx- and iii maximumr displacement:.

'£lic pattern of surface eneriy tran.smission is very diftlerent from the

pattern of total energ_,y tranismission. Three typical histogramns of

surffa-ce energy riiim i 5sion f ) I rdiif .erji so''rre,-traben

distances are di splayed on Fipg. 1 1 . 3. and inc i dent and mnean

Srriittcd sirfic ,norgie"*As i hirioni on of kole epth are plo:tted!

irn Fig-. V11I.3. 5 and VLI .3.6 for difIferent sources. In order to indicate

the, dispersion in the t-ranri sso10!!it-i to changes in -he rodels *t

plot the maximium and inimum vnaini ; t) the mean t rans i t ted ene rg ies

calculated with jiode ls 1 to 'i . No vi Ie ipp ie ,i s t 0oi Ci model

usually gives the lower or higher va-lue .

Fig. VIIl. 3. 4a is a typical his t ograin For explo.i otis (,r very- slial low

earl-hquakes, for which the sui face trarismi!as ion ratios are sinal icrth

the- total energy titansiniss ion ratijos. For these sources, a large part

of t h,! tot -ii I Lg eniergy i s con P i ned c Iose t o ti e s ur face of the mde

Inal i.i ,i n the sedimentiarv IaVer , Ie 'foreO reac iigth Arabe ii. (roas~in'-



the Graben shifts part of the energy deeper in the (rust by redistri-

buting the energy more evenly among the different Lg modes. This effect

amplifies at the surface the global loss of Lg energy. The surface

signature of the Lg wave is therefore decreased by a factor of 0.6 tj

0.75 in terms of mean amplitude of the signal.

Some earthquakes with certain focal mechanisms or Located at tik botLow.

of the crust excite more evenly the different modes of the Lg waves.

This is the case for mid-crustal or deep strike-slip earthquakes, for

example, which have rather well-peaked transmission ratio distributions

(Fig. VII.3.4b), similar to those for the total energy, and mea0n valUesr

of surface energy transmission around 80 (Fig. VTI.3. ). in that case.

the mean surface displacement is decreased by a factor ot 0.9 after

crossing the Graben, and this directly accouters fo! th1e total I ,..s uo

energy in the Lg wavetrain.

Other types of mid-c -ustal earthquakes, like he mid-cru. :tal Vi_:ing

Graben earthquake, e:-:cite primarily the Lg mode<-; having t!Ieir enlergy

confined in the middle of the crust. The surtace eierpy beFore reachlinc

the Graben is thus small compared to the toLal enery ir:.olved in th,

Lg wavetrain. By crossing the Graben, the energy is redi stribut rd ofl(',

the modes, and some energy is thereby shifted from the ii," Idle of tL,

crust towards the sedimentary layer and the surface. The net et foct :

an increase in surface energy (Figs. VII.3.4c and VTI.3.'), dcspite t..-

decrease of total energy. In that case, an itcr-ease of 1. cMI i'

expected for the mean amplitude of the recorded Lg ,,:x'trlii.

The total energy transmission ratios have showy thin thL- :lho r,-n.,

rather energy-proof barrier (only 20% of the energy leaks into the

mantle). On the other hand, the surface t.nergy ratios sho,: that the

crustal thinning of the Central. Grabcn causes imporanit transfers of

energy among the different units of the crust. Comparing the surface

energy curves (Figs. VII.3.5 and VII.3.6) with the total energy ones

(Fig. VII.3.3). we see that the surface energy curves are very

different from the total energy ones before propagat-ion across the

Craben (filled symbols), hu:. much more similar afterward:, t-p-n



symbols) . 1he Givabei has redtistrihuted mnore evenly within the crust tne

total energy iin\'o ivod in the Lg wavet rain, and the surface energy

reflects better Ahc total amount of energy contained in the whole

c rust .

Propagation across our- Graben models leads to some Lg amplitude.

variations at the surface, thoagh limited in size and both positiv.e and

negative. They are very different from the fac.-tor 0.25 to 0.5 actuallv

observed in the North Sea Grabeni area. Moreover, the preferred focal

dlept-h of seismic events in the North Sea is very often around 15 km

(Havskov and Miuilvnm, 108"), whi cli Would binas our transmission ritios

towaids their I hs cl~ Oir modellinug wo;uld at the most explain ai

factor of 2 between the altencunit-li of Lg wavtes produced by explosioi.

and Lg wa-es pri7CJe(d by ea rtli~kos , hitt can ie no case explain the

generalI and strong a' -oniat ion observed in this area.

Coherency of the phase with period

The iorevious c. l:en;have boen made at a single frequency. The

phase: beh.:,vior of the waves as a function of po-riod is a key e.lement7

thie effect i,,e biiild-np of a wavetrain. If rapid variations are

oh- 'n''e te r*-crn C A,, bet' :een n i ghheci n - pErVi ods inight doestroy tlh.e

.ax i;l in orde r cl- f,(1((1 th1,e 'it a i I i t)' of tLhe phase a:: a tunction,

O p i (.)d . ".!E,71 ).: ('7 i rt t ', p1 i-i 5 o f t Ii, Ia x savi ,e inod(Ie s p ro paIgait- inC

out of t i, en >utr I , 1',!''n at? ") [I brin pe r io (!; , 1 .0 ad 1 I .0 s

We calculate the rc ~ is o mat rices ait th h.' periods. For the saime

series of sources; aind sourc - grahen dint auces ai:; calirin this

report, we calculate the phase of' each I.g flode propagating out of th,

Graben at the 2 per i o(!! . 'we vmst no to t ha t a mode propagca t i ng out of

thle G rab e i onr i an;i r ! f rom th11e c omb inaiti on inii t he (Cr ab1e n o f dIi fferePn t

irodes in itV i ally , %: i t ed by the source . I ts pha, (- thus depends in a

compl.icated ,iay an tie phases of these modes when they enter the

struc ture . We siil) traict from t be t o tal phase the, puce propaga tion phase.

i.e. . the integral or.c-, horizonta dis.t anct of time mode locrl ph-ise

s 1 owmes s . BY, us ii, a phase free of- pure propaga t I on effect -,he phase

cliff :I(Oce' betwec;i th, :nodfs it ,kc 2 di tferent pe-riods is actually



mea.sured at the arrival time of the mode predicted by its group

velocity.

On Fig. VII.3.7 are displayed three histograms of the phase dif-

ferences for the different modes and different source-graben distances

after propagation across model 1. Due to the unknown but certainly poor

accuracy of the transmission matrix phase, which is influenced by the

zoning of the model, we cannot use these histograms very quanti-

tatively. Even if in the second one large phase differences occur

rather frequently, cases a) and c) testify that the phases of the modes

are not systematically random after crossing the Graben, and therefore

cannot give rise to a generally strong attenuation of the wavetrain ihv

destructive interference.

Conclusion

The investigations presente.d in this report confirl the -onlusioiis

already drawn in the second report.

Our numerical modelling of Lg wave propagation in a simpi fed model ()

the North Sea Central Graben dotes not predict te v~ e iLtenuation ,of

the wavetrain actually observed in this regiou. On hte contrary, the LV,

wavtrain appears very robust when cross ing n .-one where its waveguid.

is strongly deformed.

Since the large-scale geometry ot the (;laJhn ails Lo e-,xjain tile

observed data, we suggest that future work explore ic -terr t\vt

explanations for the obsecved attenuation. ScaL-ering by .!) or 'i)

basaltic intrusions in the lower crust, extensive faul] ir.. ;e-e

vith intra-fault weak material, or more rheologi cal asp.r,-; mie'l -t Im

good candidates.

V. Maupin, i'ustdoctorze Fr ,..
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Fig. VII.3 3. Total energy in the Lg wave before (filled symbo') anO
afte-r propagation across model 1 (open symbol), as a fuinction of
source type and depth. The energy scale is only relative sinice no
physical source size is included in the modelling.
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Fig. V1I1.3.4. His.,togramj of qurface energy transmission ratios for:

a3) an explosion at the' surface; b) a strike-slip event at 15 km foc. I

depth; and c) a Viking Grahen-type event at 15 km~ focal depth and, for

all nases, cli ;tinceFs fromn tho Graben ranging f rom 0 1o 1000 km.
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Fig. VII .3.5. Surfacc- onergy in the Lg, wave rncasurcd mi 11. Vcrt. io 1
component before' (filled symbol) and after propagation :Icrn!;S UI.O
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V!II _ The Au)gust 8LJ. 1 FS More Basi earthquake: Obse :vec ground

mnotions u)nd inferred s;ource parameters

An earthuqnakv of mhrn! tudv aron 5.11~2 occurred in the Mor, hiisin

Augunst 8, 1i88, with tremoi.s Ic]: over most of !uliuthern and centrci I

No r,.ay The eal--liquak,- was thle onorestCii in the rt p ion lot at ea

30 --fa rs. .,?ithi a focl mccllii s5m solution thii I indi cnto; Ihrust-

faultiine aLong . NNE- SV striking fan It plane, in re(Sp)Ons, tO E-V

compress ional stress. The seismic moment was of the 11rder of 10 1 7 Nir

wi tli i ndi aa t:ions o f asca I lip, Cons is tenit- with an w- square sourca- rodc

A mano()r sn, ur ce i T i( ur-- v i nI i ti s anraIy s is i s -ti (,d to a eIa stLi c

at t ruati on.

Background seismicity

The seismici"v of this par-r of Norway and the Norwegi an Cent snc(nr ii

Shelf is shown ii, Ftp.. V11.4. , where three difIfere-CT- time periods ha's.-

been plotted, wi1th differepnt sviubols . The map indicates a reasonably

gc.. ornclatlor b)&W( t 5!1srimic t andi ivin geological feature5s

-!.ch as fi sfault 'o f ractlnre -.oneos and grabcons and thcere ir

ilsc indications of the se i micitv toilowing the conctiental margiu.

The na ecvrsosa certain hisas bet ween ie( dlifferent t i wue

parionls in that the "rcas icoitli of N obviouslyv are better coar~d

terrn; of 6111t sllisre a dii nk the. 1 R0q (Bunigum, 10188S

Epicenter location

The location of Ie rwuiusi F . 188. cr: loluakze in thO Mor. Kn
hon in F'ig. V '~ t( 0 , ~ ni~tvws fiut

events in t his ia, Iv'it stit 11 eaist of the p Eeifliint lim cShe't I an,!

Escarpment, The ear: h-iake ,.as w idoly reco rd(-(! on s, i si i Ins truwez~

thiroughout nortihern FEnrope and the ent ire worldA. Wn~ Fly 80 soeism ic

phases have been repel-:!d, all Within the distanltic range (it' 300 to

131) kmi. Elx-peiw,'ii1 , ithi locating% thle event. oi icl~e f hicd:

insured tie c: iitl''and i-el iahlit y of the l orat lion. No i-(, jih]

depth Pst Iimitb in v1 ovail ille, however (Hansen ni 1,I 1090,f



Felt effects and magnitude

This earthquake was widely felt throughout much of cntranL and south, 1i-

Norway, along the coast from Stavanger to Mo i Rai. as %-il Is in

southeastern Norway and in Sweden. Responses to que!x:tionnaires sent out-

hy the Seismological Observatory in Bergen give felt radii of about 100

and 440 kin for intensities IV and III, respectively. In dsing rglatin-

ships developed recently between felt area and surface wave magnitude

Ms (Muir Wood and Woo, 1987), this results in M, values of 5.2 and 5.3.

respectively. In comparison, an Ms value of 5.1 4 0.24 has beer

computed by N.N. Ambraseys for this earthquake, while NORESS data, have

given an ML value of 5.2. This magnitude makes thif; earthquake the

largest one in the re:gion for at least 30 years, possibly even 't.he'

largest one since 1895 (Hansen et al, l.88; unguin and Seines. 1988)

Focal mechanism

The s;ense of faulting for this earthquake wa:, explored throug! th,.

of the direction of vertical mot ion of about 50 of the first arrivii:n

P-phases for all available recordings. A focal mechanism solution,

using thi-3 approach, is given in Fig. VII.4.". whero a combination of

local and teleseismic data helps in constra ining the, nodal plane.. F- ro:,.

the graph, the faulting parameters for the two planes are strike 20'E,

dip 460 and rake (slip) 11.60, and strike 165°E, dip 500 td rake 660 ,

respectively. The solution leaves an ambiguity as t.o which of tCio twt

planes is the faulting plane, hut in either case this solution :ives

reverse mechanism. From the geologic data, however isee F:g. VIi.4.

we find that the preferred fault plane for this earthquak, is thc on,

striking 20'E. It can be seen from Fig. V[I..2 that this north~aste; !v

striking plane is only constrained by the stations whose azimutw., v ar

from about 400 through about 900. These are the stat ions J1 the SEIP',

network and ARCESS. The sense of first motion changed from dilatation

to compression through the middle of thLis netwtork o! stat ions, llowil

for a well-constrained fault plane solution (Hlansen et al. l88)

Observed ground motions

An earthquake of magnitude 5.2 naturally causes mo.;t, conventiona

spismometers within regional distance ranges to sat'ie- Ciclipp A



recor-difl,:; havo, howe-.er, in the present case b~een obtained at three

sites: (1) lolde (Mot) acceleromneter site within the SEISNOR (Northei-!

Norway) network (288 1&); (2) Sullen (SUE) avcc lornneter site within the

West-orn Nnrway onetwork (3118 kin) and (3) NORF.SS IlL (high frequency) and

IP (intermediate period) elements (578 kmn). Since all of these inoreovur

yieldi broadband recordl g';, they become especially valuahle in terms cof

irife -ences about ,4oijice pa came t rs (NORSAR and Ri sk Enginecering, I i.

Observed gource dispK. empnt- spectra for these stations are. shown in

Fig. VII A3. Awtre the time series were rotated( to /ield the ra~dial

(R) ,lnd thne traiusrerst (T') components. The data are -orrec ted for

system rpspons" inl udi ng A special processing of tOe accelerometer

dma. and converted from ac celeration to displacement for Molde and

S maid froim -( loci -v to) displacement for NORF.SS including a ca3re-f,;I

Wndpss Iter!P6i Wi both oanes). Energy spectra are then estimaqt d as

a basis for the pint :cd di:plIacpwants , with a t-ime window covering 2,1

SedOof' tiO. .. ' -I, ;

Mtis seen fo F! ji, VI I . ,Aiv R ra Wt t he obsvrved dIi spi aje'I1f't s lal

offI with frequent:. at i ot !orv diffe-rent f rot; ' (as indicatedo

by st raight I in~v A- Hr11 -L fr (juencies, tim slo p Icrteas, es

somewhat. possibly in: luericed by noise, and at lo,, * lv'incies it

should be kept in tnirld that thle spectra are certzai nlr affected by

noise. The flt el is "tq in proc essing these dat a havo been defined a

lower cutoffs at 0.20 ftz for Molde (where quantization noise also may

tev' een a problem) and Si en, --t 0. 1 '!1,. for LF5 IT. and at

0-.80 flz for NORFSS ill'

Corrected ground motions

In order to be aieto coiipart th oIbservedt,t1'roi-Id fItuion dIsplar(ewi( ii

.pectr tomere' cl:.'enm imly , 01-1h-- ore(d ~ all of them I or the

ef fe' s of pcomnet ii a I Sq)r(OIadin i Jl t anlostiic ittonua10t io bac1)0k to i

reference distait of 10 k'n I tom le o:(urce, with results as Sho0Wn in



The correction used for geometrical spreading has been the commonly

used model by Herrmann and Kijko (1983) in which there is a change from

spherical to cylindrical spreading at a distance of 100 km:

R -1 R < 100 km

G(R) =

0.0I(R/100) -1 /2  R _> 100 km

For anelastic attenuation, we have for test and sensitivityo purposes

iised two very different models, by Kvamme and flavskov (1988):

Q = 120 fl.1  (Model 1)

and hv Serel)o et aL (1988):

Q = 560 f 0 _2 6  (Model 2)

The first of these has been developed from sp ,- ral r.al :,.d

decay methods based on data typically within 1 100 300 k1,! distan-ce

range, while the second has been developed from a simulto

invtrsion for seismic moment and apparent attenuation ha,;t(i on dat

between 200 and 1400 km. The first model covers 2-J'; If:, -, ncl sec- 'r

1-7 Hz.

Even with these differences in mind, it is no! obvimvn; wlti,,h oto of

two models will he most appropriate in the pr*s-t ':.:c

I irge differences in frequency : ,,isitivity ol tl. (. ,, . le...''er

is understandable that the effe t5; of he path ,:rT < 'ct ..:1 be ' "

differert, as shown h Fig. Vl .. */.4 It is useful i,, r, to ,tt, i:at ",

the observed and rorrected spectra have slopes propoction,:l to ! ard

fy, respectively, then the following frequency sensttivi:', of t'c ,

model will be required (Q = Q00):

vQo (6 -y) lnlO

log[l + -- 1
irR



where v is wave. 'elowity xinJ R~ is distance. This relation Shows Ohat if

one reqii ros tic. olh, ived slope Lo be ma iinta ined after croc tlioni

Y ) , t hen Q mus t be di rec- I y po rp ort i. ona Ito freque ncy 0v7 -~ I).

Fret, Fig. VII.: it in seen rthat the observed spectral slopes are

reasonably closo to 02for most of the data, at least. in the l-D Hz

range. This slope is therefore more or less maintained through the pal 1

correction when using the Model 1 attenuation (n = 1.1) as shown in

Fig. Z~.~: , sich itt turn gives indications of a source model close

to the stai-ndari. -- Brune modlel (see also Chael and Kromer, 1988). The

>!cdc 1 2 a: tenua- ion, ,tn the othier side, is more diffi cult to reconcile

.4ith this ~aIsa tof datat.

Source displacement spectra and seismic moment

From the observ. ri di!pl acctient sp~ctrs, it Fig. %Vii.:, . (or from the

corrected ones N Fig. V11 .1.4), s;ource displarmnient Spectra are

obtained sinpi' W; correcting a] j the way hack to the smurce, AN Ah t,

1) xn para 1 rc I P,,'Co] !1% 0 cd:

'.Ilrc P ex(~ Q SanoT in ViW at twenat 1on, G is geoetrical

spreading as Oie: ed above , S is radiat ion patton: coeff inlc-rt ( ) 6)

times free-surface sq.] iii at ion (2() dimided QY a Possible VL1tori,

partitioning of o~erg'. (,/2), , is wav e %velocity. j, is density, and U-,

i s t. se obse rved dlisplac emten t spec trumn. Ii appl1 yingp these co rrtct is:

aMornc I a~t tfPtitit .we get 5012' 0 lisp lo ,n p(ct.ra as io-

in Fig. VII A.5, nhre a seistc moMent- oft he order (if 101 7 it ( IW'!

dyne -cm) is iindi cated. Itn in1 upt he Hlanks and Kanamo:i j- 19 / l4) moaline

nagni tuce rel ati oniship

\ ,1It ' M, - 6.

',Te tie get M14 . w ili. It is 'pmite cotisin;teout wi th Vihe othcr

:;Iiicido istim !cs di scitss~ic aIbo~i. Fot :in ear tJUake this, Si; se the



Irune source lodel gives a corner freq(twiU ('y at 0.8 Hz for 100-bar

5;tr-ess drop.

It is not possible from Fig. VII.4.5, however, to determine co:-ner

frequ,-ncy with any reasonable accuracy. The reason for this is part],;

low frequency noise (as metioned above), but primarily the fact: tha-

thec Q-model (Q - 120 fl. 1 ) most probably is not applicalie for

frcquencies below 1 Hz. A lower limit in Q, possibly even combined i.>h

an increase towards lower frequencies (Aki, 1980), would yield the 10,..;

frequency asymptotic effects called for by the cowirunly .iccept:td source

models. The sensitivities and the uncertainties involved here are

properly illustrated by the low frequency differences bet-'een the t,,

correction models in Fig. VII.4.4: one order o magnitude- difference 'it-

a distance of about 300 km (Molde, Sulen) and two ocJcrs :-,f magnifud,.

differences at about twice that distance (NORESS).

Ano-:her question that is raised from the present obervations is

concerned with the small differences between ti,. Ix aflplitudes ,at

Molde/Sulen as compared to NORESS. In the correcteki spocrti Fj

V1I.4.5) this shows up in the hiigher NORESS Levels, ini s- t-e ot -hk-

fact that the same time window has been used in the two cases is;

compared tio using, comparable group velocity 'Wi.ndow,; . S['!. L we have,

found any teclnLcil reasons for this differen,'e (s as -rror. in

gain) we assume that the reason must be tied to Lg '.'e p-oparg: -ion

chai'acteristics that are nor being adequately pred,'L"d V ti- Lie(

,sed here.

Concluding remarks

rThe quest ions raiised here c,,l1 for ront inwd -tftort_. ,ils t.

existing uncertainties in our knowledg .( hut ane I:., tt' S. 1 in t-ilon

E!;" .1 wider range of frequencies.

II. Bungum
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Kijko, 1983) and anelastic attenuation (Kvamme and Ixw.,;kov, 1988). T1-,
plot indicates a sei-smic moment of the order of 1012 Newton-meters
(equivalent to 1024 dyne-cm). The straight linc indicates a slope

proportional to w2' and curves I. through 4 are Moldl SUlt i, NORESS I P
arnd NORESS HF. respectively.



%1i1.5 Analy i 5; of-rer iopal I scjIsonic. ey, t , i051 t-he NORF~SS;/

ARCE S'FINWA aILray\S

This contr~ibuit-ion comprises, two separaite i nve ;ti gati olis related to

analyvsis of ev-:-ts recorded oni the three ilegion il arrays, NORESS. .PF

and FINESA in Fennosr.-ndia. The fiSt- ilrivoCStiration is anl eva u-i tioii )t

the performance of t-1, recently utpgradied FlNE.1,A arraY in Finlarnd,

whereas the second iiu'os igit ion titil izes data recorded simuitanieousl%-

onl all three arrays' in prodciing joint event. locations.

An evaluation of the performance of the upgraded FINESA array

A description orr th(! FINESA rrav- is given in Korhoneon et al (19871). '1

early 1988, the -,olret ry of the '-INESA array was expanided hy ac6ing

five elements to :1'e raas shiown in Fig.,l1.. . The FiNKSA arr,v%

geometry crurrentlv coi'Dftscs 15 vertical only seismfolmeters within in

petoeof 2 ki-

FINESA data are rcecorded onl magnietic tape at the array site, an(! the

ape reco: ding is normally event Lriggered by i hlij t-in voting

de tc "or. in 0 rdc-r , licwex'< r . to t oi v icIhe por formanc o 0

, le ;ipgraded FIMESA ar ray , Ia t 1c f. recorded cen t ilnlo, 1( IV for7 ai '1

period duriing Mairch .-'I ot I Pr e t~lpf' werk .o haick aInd

chck, ed at NORSAR , and appile:.: Int( 1,, )5% of tic at forI t his .- d

period could he itc evered aid wet,' henice c, b e e to det'ct ion

processing. The reOnl ininlg 45' of the data couild not tow read du-e to

various pi.. lins wit) 11 *c, ye'; k parjity er-rors ;, etc.

A beam deployment etimprisii, ng2 aus ( 60rab ft rio , (G i ocohe rentm)a

used for the detect i ot p fore;s i , ol the con11inuouos FINESA dl;it a. The

beam deployment ised i., ill a gre(-cinll wit-h the re r aimenda ti ons I)\ Kvxri,

et. at1 (1987) and Kv.a'rna (19)88) . lie- de t-e t ion process ingp resu I t-.s in

lists with attri!bute'-; for each detect ed si gnal1, like- detect ionl time

sign,1 l frequiencv phast ye nc itY vand a,. l'1 a 'Alltih i. Iliese I ist.s wcl'

com1pared(" ligaIinst the region. i Finni sh buLletin. issu4ied by Jit eii'r



i itv of Hels inki , and the result VSOf Lhe comnpari son are given in Tab]

V11.5.. Only those bulletin events occurring when the FiNESA ariray %.,as

operating propcrly are included in the taible.

S .1goals detec ted on FINESA were associ- .ed to the Hels ainki buliet-in

evtcnts by re qui ring a reasonable matcrh of FT NES)A d1 oct'.uP pa rankle-ela

arrival time, phase type from Vo-o y, . nd arrivAl air "h) Ath A,,

-nrresponding ones predicted fron How finfurmnt ion hii tWin Wesinki

bulletin. From Table V11..1 we st, that ot of tho 103 -, fe to ice

events listed, 99 had at I 'ast: "o deter tod f- Or S -phask- , I. e. , 96 per

ccnt. T-:o of the tour eventsa tht were n~ot de~cot ad, occurrted at the.

lohnaslampi mine in Fil iand (6Vi 20~N, 28M) At' a disatanice of 322 kii,

rain FINESA. Most blasts at Lahruaslamiji are k'iic I ,-c I. nd ergi0_

detected by FINESA - The two reinaine, cun~s a.r 1"O nnil ol~t,1 ng-

ma'ni tude less thiiin '2 for one v'en t ; n i' i.,) , : Ii

i - 1 0 "'i -s f ) - -11 Ii

Py S: i gtI i based "'! Ia if ,,vy ol ,1,! 1 -

1i1 he Or i ci na, 1 ra:; i, amie: *v re ,I N, col i A, 6 1-

-~.o> evvnts I iste ,l t- thle Hel I in i, i'~ l n-iIt in (-N J~ 1 1-

I- aiv K h n n et a],' . 198, f,. lit- idd it i oil at 1 ' -<m: .,.o r

.'( a rrav geommetry thus; reu t ed ill a coils idgrbl 1 Ilpro-r 0'" t is

I--V' C " -p a b i , t o de- t cQ: SIT).i I- r giIinalI t,nt It s. i d, :

.0b F I SA iira W Ps uqrro in: i-anf1Iii jion iN-prc --- 0*,! .'i

,dl (,' liot e 11nt Li I- tif re-F i arila 1 1~ rlii ~

-p J ~ 1N S C -i ,7 h, - v,- i -:-.-

-s t 0 n l q ii - ii .s-~t - iPd

;: -A I - i 1"



Joint event locations from three-array data

Data recorded it- FIES.\ were used-( tCog.thev Iith NORESS and ARCESS diat-

in assessing the Izapvh iir ies of this three -array titwork, iii locating-

events in the Fennoscandian region. A set of 10 events, for which the.-e

was at least one deteccted phase for each array, was selecned for an

event location experiment. The events are listed in Tablc V11..5.2 and

shown in Fig. Vi I . . 2 . The event mpagni t des range friom I( c;- than 2 .0 t o

3 .2. The _)rigin t im-'s aind gegahclcoordia3te.s f or the 10 t EttS

are t ake n f rom t he If-] -Uini hul io t i n.

The conti ruous r i ocb i of da LA rr~d co!- at--( c-aia of- thEi t hree

regional arrayq int Fenoscrdin provides sta nat c: of arrival tilt- l -. lS

barc- ar i iith-q. 71we-- p .rmnteors together with Ithe ass ociated uncertati~i

e3-re ore usw d .::;~ n H, F..7IAN prnpanx '--- Q eloe hy Brant .:o

PacI 77_! o hw 'prat es the arraivalt tot ai anhnanth d,t:.,

into ta rear 1i:-va. :.lration 0estialat l sc~heill , aid, call he

tol A k ho'l, >-&-arra anuld :1nta1tin1p-ara data.

V1.7' 5 3 il rI- 'r siiew AR( ESS - NORLSS an!i FINESA data,

resp~ct 1 '-Jv :- . iii.- t Tabl1e Vii. 5.2. Tli,- ia( V ho-., o the .

At P-wn": beti:; fi th -. dit I tn t freqateito hand;;. it beans 'r rI

serd a-odA- to !ha . ' - a -. i .:-inithlt tl,, peak o! .

ik-:p-ctl~ttcont';-o0 ::-; p (If .- w Wr Iira dci -t iOnp--s i iF

for- difft-a t ltr-lt ir-t-uel' LIS. The- '"t - ot t lnen; fo! hr

phaseos ustd ill !!W !" atio vv cr.t :>-.a ic- 1. 1 1a, -- , iiI

fi pores show Am~ !hj. is i, nh d ii At hj S! i

I osesat arr.a-v-PI.2 MUS whir..... P K: .. -

aat is detected du~e It. LI. aiR gaip A,: Ks -AW-da tirwid, 1" , of oy

iiag. Very siarplk alc- h a; Q ot, vh.iq %. K" w, oyy.r

inls andl a1p I r i ... ~ . i .. ir ....... ',- a Fo.s 2

piaa 505 ontly d~ "aoi(, -a -t fit h( I~ li P ..- fr



Table VII.5.2 gives the results of the location exptrimc-nt. On tLIe

average, the joint three-array locations deviate from the network

locations published in the Helsinki bulletin by 16 km. Two-array and

one-array locations were computed for all combinations of events and

array sub-networks, also using the TTAZLGC algorithin. Th,. resulting

3verage deviations from the net-work solut ions arc 26 and 68 km,

respect ively.

The results for one-array and two- arraN' locations are in general

agreement with what ha-, previously been reported (e.g., M\kkeltveit

and Ringdal (1988) found an average deviation of 34 kin icon the

Helsinki bullet-in locations, us lug; data trom seven rujgioiial events

recorded at NORESS and ARCESS). The improvemricnt irt the I o at iozn

Aiccuracy when invoking dlata from three arrays; is si ui fi cant, ,1i. we

oUn~ide r the results repor ted betL, as; qui1te 1 'roncis- ig, wbenI taking th

to Ilowing in to account: Tnr Lv i t im i u amsed i ee '11S, del t i:lined

citoMaically by the onl ine p Icessirvc. it i - COnC, ~ c' '. 11-U' ti

intervention for adjustminict of rrival timeIs Orid'er 1 mPTL xnt of th,

autom'atic procedure woulId iinpr(,v the loeat ioOl 011--' . T ~ nand 1-(!

cave! time tables for the phasecc Put Sn and Qc were ukt d no

I!I ("file t fior of regiouci I i :cd ra e ile tab] i's is i 1 0 jw rc

cIII ptovi' mTeats . FinIlI a mast r evei't I oct i on 5cheirt o t ri n cI,, crc

KItd coun s i de t able p r nm i s,. i a r~ v Ap cc t ed t o I 11 t Ii t e Ii h.ice 1,,t (

v~i i i tVes (If accc' C , L t I or t C a .;I i1 i unIIal

, ,rhonvn ~~ If., S r-o el, F i g a , " V,x l"

ccc f r , Pn a d P.'.II!(1 8,): h es 1 r T

I' lihnom :f t, S. d ai abnem I Vr. i P i Igl I! , S yk1 ye S: eV V' u 'I r
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Date Time Lat. Lon. Magn. Dist. P-det. S-det,
(ON) (°E) (km)

88/03/08 06.01.42 61.2 27.1 <2 61 x

88/03/08 07.50.57 62.8 29.1 <2 215 x x

88/03/08 13.03.50 62.2 23.3 <2 169 x -'

88,/03/08 13.29.02 64.2 28.0 <2 322

,,8/03/08 14.25.10 62.1 26.4 <2 75 x

28/03/08 15.02.39 60.3 24.8 .2 145
88/03/09 12.05.43 64.2 28.0 <2 .9

88/03/10 08.47.04 59.3 27'.2 <2 247 x

88/03/10 09.22.08 59.3 2.' .6 <2 253 X
88/03/10 09.57.40 59.? 27.6 <2 264
2",8/03/10 10.41.14 59.3 21.6 <2 253
88/03/10 11.07.37 59.2 27.6 2 1 264 X

88/03/10 11.14.23 59.3 27.6 <2 253 X x
38/03/10 11.25.34 5)9.5 25.0 2.2 224 .

28/03/10 11.49.54 5Q.3 27.6 <2 253 x

88/03/10 12.05.20 -9. 5 26.' 7.' 21:
88/03/10 12.07.05 61.2 28.9 194
88/03/10 12.10.50 9. 3 28.1 2.1 264
88/03/10 16.03.30 64.3 24.0 <2 3:
18/03/10 16.20. 56 62.0 24.' - 108,
,8/0)3/10 18.16.15 65.8 2',, <. !,9I .

88/03/10 18.29.30 6,7.1 20.6 '2.. :

8102/10 20.2-7.28 63.6 ?6.2 <2
8/03/1i 08.18.59 62.q 2.9 <2

88/03/11 09.23.17 67.6 ' ' ,:

88/03/11 Oq.24.26 67.6 C) - /3-

88/03/11 09.25.40 67.6 34.o 2., 783 x
88/03/11 09.48,06 61.4 34. 3 2. -3') 3 X
88/03/11 10.21.09 62.2 25.9 <2 85 x x
88/03/11 10.21.35 59.3 27.6 2 253
88/03/11 10.56.54 9.5 "5 . 2.1 22-
88/03/11 11.27.25 59.3 27.6 <2 ,5,
88/03/11 11.46.58 69.4 3o.8 2.3 c,1 .

88/03/11 12.03.37 63. ? 27.8 2." 2.9
88/03/11 12.17.09 59 0. 29.0 '

8/0i3/11 12.33.24 60. >9 ". 8 1

-:8/0 3/11 12 57.99 59.3 21 6 .2
:8/03/11 13. 3 .0) 9 99. 28.1 <2 5.

Fable VII.5.1. Re.n] ts from detect ion ocE.;i ; I Iii i o ,.t ti r,
the period 8-21 Mar 1988. Tue t.hl, Iis(s t. ,..it s d lie
Helsinki bullet. in t-hat occurred whi le thi. FINKSA s,', tcom - operat lin

prolerly during the 14-day period. The distance f roi, the FINESA arra\'
is given for each event. The table indicates wh.th .r or not a P or
phasr, was detected on FINESA, that can be as!,oc i t,.,i with tht, \\(wi

q,te. t ion. (Page I of 3)



D ate Ti me LIt. Len. MaIgn. Dist . P -drt S-del.
(ON) (0 1.) (-)

88/03/12 09.12.28 5').4 28 /4 2.1 261 x N

88/03/12 09.59.59 44.7 30.7 2. 9, 4"'1 x X
88,03/12 10.43.17 -,9.5 25.0 2.2 224 x
88/03/12 10.48.21 61.8 36.1 2.4 L33 x x
88/03/12 11.03,58 !8.1 33.2 2.1 815 x x
88/03/12 11.11.12 68.1 33.2 2.9 3t x x
88/03/12 12-2).01 m9q3 27.2 2.3 247 x x
88/03/12 12.40.45 :.6 -10.,) 718
88/03/12 12.!. 1 6 >0 30.5 2.4 1C x x
88/03/12 14. i 8 :, 1 20. 6 < 684 x
88/03/13 06.49 10 /. 7 33.' 2.4 /,6 x 
88/03/14 09.01..I p9.3 2,.,. , 253 x x
88/03/14 09.13 21 42.8 22.f, <2 20, x x
88/03/1 09 .22.16 Th 3 2/.2' 2.1 24/ x x
88/03/14 l0.3'2.'i .)93 27.6 <2 23 x x
88/03/14 10.35 25 '?.3 ';7.6 <2 253 x x
88/03/14 12. '.*.. >06 30.0 2.1 298 x x
S8/03/14 13. 10 - 9.5 25. 2 .6 224 : x
83/03/14 14. 0 /.2 ,3 28.1 <2 264
88/03/15 08.59. - ,-!, 34.0 <2 781 -

88/03/15 09.06. 2 g/.6 34. 2.4 28- x
88/,3 /15 10.31.30 :9.2 1.4 2.5 260 x x
38 .3 C 5 11 .34 36 2.5 U. 2.3 219 N x
83/(3/' 15 11.41.57 )O.5 25.';  -2 106 N N

88/01/15 11.26.30 .1.6 21., < .34 .\ A

88/t!3/15 12.10 38 ,.4 2 27 2 2, x
;S 03/15 12.11.3 .2 264
8/t 3,/15 12.19.15 3 7 ,11 7 N

88/03/ 15 12 .33. 35 2.5 . .- x N

88/0 / 15 12 40. A, . 8 2
88/ 03,15 13. 16. 5 .. , 4 2" 6 N

88/03/15 13.22 14 61.9 1. 2 0 14 - x
88,103/15 13. 51. 30 ')., )5 2' x
88/03/15 14 0'.. 5 '?'. '.X 2 , N
88/03/15 14.20. 59 o.) )L) I. . ":
88/01/15 14.36.30 '.1 ,0 , . x
88/03/15 14 .39." ',Y.5 . . . :2
88/03/15 17. 57.51 65.8 43y -

88/03/16 08. 37.1 5 . 2 2 6 "
88/0 )'16 39.44.50 V) 14 X , C ,' :<

* The origin t ,e fol this ,(,o i priir2 vd ,O 0" .2f(., in the
ielsinki bullt-Lin

Table V I I .5.. 2 3



Date Time Lat. Lon. Magri. Dist. i'-det. S-det.
("N) (OE) (kin)

88/03/16 10.25.03 59.3 27.6 <2 253 >

28/03/16 10.45.40 30.9 ?6.8 <2 72 x x
88/03/16 11.26.47 59.2 '21.6 <2 264 xx
88/03/16 11.45.36 63.2 27.8 2.5) 2151 N x

88/03/16 11.49.51 59.5 25.0 -<2 224 xx
88/03/16 23.04.26 67.8 20.0 <2 765 -

88/03/17 09.07.13 58.3 10.9 2.7 q17 xY
88/03/17 10.21.17 69.6 29.9 2.q 926 x x
88/03/17 10.27.20 59.2 -26 2.3 264
88/03,1l7 10.46.21 59.2 2Y.6 <2 264 x X
88,'03/17 11.18.48 59.3 27.2 2.3 .717 xx
88/03/17 12.02.23 64.2 28.0 <2 322 -

88/03/17 12.02.36 59.4 28.5 2.1 264 X x
88/03/17 18.58.07 59.-' 5.6 3.2 1135 1 Y.
) 8,/,)3 /18 05.16.20 6 0. 2 34. 7 2.6 9)52 xX
88,7'3/19 10.04.08 61.1 30.2 <2 2 24
33/03/19 10.05.02 59.3 27.,2 - 24?7 x
88/03/19 12.15.34 68.1 33.2 - 8-15 x
88/:3/19 12.15.39 68.1 33.2 - 815 xX
88,/()31/19 12.39.09 68.1 33.:? <2 81- x
88/03/19 13.03.39 67.6 30.5 -718
88/03/19 13.03.54 6/.6 )f) 5i - 718
78/03/19 13.07.00 61.9 30.6 2.6 2+4) X

.80l9 13 42.33 67 .6 30.51 <2 118 -

78/03/20 04.1+5.1/ 67.1 33./ 2.5 786

.1 ihio VII .5.1 . ( Par,,, of 3'.
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FINESA

C3
0

C4
0

B5 B6
C2
0

A3 Al B1

B4 0 0

A2

03 C5
B2 0

LL. I l I I I LA l-

0.0 1.0 km

Q Array elements added in 1988

_' VII. .1. The 'n!c:,,c 1 ' , , 
cf the, "INESA arr-y in (e l.; id . Opel,

'irc es denote r er- v inele ts t.hat: .'er, adde(d in 1 .



Events for joint 3-array location
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Event 3 at ARCESS
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Event 3 at NORESS
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Event 3 at FINESA
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have assessed the effects Of introducing station cori-ections for

tndivldual a rray elements and epicentral distance correct-ions in the

estimation procedure. The precision in the estimates has been inIVeSLL-

a,ttd taking into account the signal-to-noise ratios, and a comparative

arm lys is at NORSAR nnd Grdifenberg Lg measurements ha's be' n carried ou't.

Data sources

The NORSAR array (Bungum, Husebye and Ringdaii. 1971) was establ ished in

1970, and originally comprised 22 subarirays, depIloya,-d ovetr an area of

100 km diameter. Since 1976 the number of operational subarrays has

hctu 7 comrprising altogether 42 vertical -component SP S(!Isors (type

HS- 10). in this paper, analysis has been res-tricted, to data from these

7 subarra-vs. Sampling rate for the NORSAR SP data is 20 qamples per

secondt, and all1 data are r corded on digital magnetic tapc-

The Gr~fenberg, array (liarjes and Seidl , lc)78) was e-;tahl ished fit 1976.

and today comprises 13 broadband seismometer sitestr of which 'e

3-componenit systems. The inst riiment response. is f la:. to volori v from

aoout 20 second period to 5 H~z. Sampling rate is 20 siamplIes pei secnd

and the data are recorded on digital magnetic.tp

The location of NORSAR and f;r~if.nht-rg relativt to S-mipalatinsk is'

shown in Fig. VTI.6. 1, where also the propagation p., hs 1-o the- 7wo

airrays are indicated.

Based onl !S( and NEIC repoi -s , ai tota-l of 95'4s nto . presimied the)

nuclear explos ions at the Shagan River airea, hiave hensolectekd ais a

dato bise. The, time s pan i- from 1965 to Septi ember 1'4, 1 (;88 ,wl en the I

secc~nd Joint Verification FCxperi lent (JyE) t-\pi 05 i w- carried out.

T-ible VII .6.1 lssthe dates of these events, top;ether with pertibnlt

measnrene:;ts Ii sciissed liaet in the text.



Data analysis

All ovaiilahlc recordings from NORSMP and GRF have buo anal vzcd for the

event set of 94 Shagar River explosions, using the procedure described

by Ringdal and Hciklonnd (1987).

Briefly, this jlroced! re compristes, filtering all array channels with a

0.6-3.0 Itz bandpass fil-ter. Computing RIMS value of each filtered trace

in a 2 -minute Lwind,-.w (starrinp, 12 min after P onset for NORSAR, 14

min for GRF) and con'nentting for background noise preceding P-onset.

The Lg magnitudo is t ion estimated by logarithnmic averaging across each

mra,4.

The t otal nwuiber of :mail1ale recordings widil suffic ient signal - to -

noise rati to Mlow >'el ab) e k~g measurement was 70 for NORSAR

( st arting i n 1.97 1) am! 00 f ()r GRE (starri ng i n 19 76).

ThIi le the NORSAR arra':- cont i gira i on has been st able over the t me

period considered. Ql (;PF array initial Iv roilpr i only the four

instruire-nts Al. - A'. id Wa;latOt Ospanded to c its fU) 1configurlation

of 13 sites . In order t-o reduce as far as pos; ijble the bias due to

chanrif 6arr-i' tolti irart ioens, wt, have there forc computed station

corrections for each~: indj'.'dial GJJF s en'or (Tabl-e V 11.6.:)) and appli ld

these in he ir:,v i,.,raginjg prordure. A !sirni lr !;ot of. correctitns.-

for NORSAR are I iste G in j!i:' J VI11.6.3. In pratice, Owe inutroduictioun

of a tat ion cor rtcrt ion,: h b,".a 1-de .1i ttie diff erence fri the NORSAP

mnagnitrude estima~les, but had a signific5Tnt effort for GRF.

The effects of pire"w . i I d js f all- re 7 fe(,rnres1 ( on t he I gr~ i t ude

est imates have also bt m~*;~'e Th,- di ;r oeomrrinBA i,,

determined through N'i , 1 986b)

Pm .1A)111, / .- imimA/I1 / .ep 1 (A-. 0

AO1 is ',I( di stanc 0-i to aI fixed re furence location wi thin t lii

cpief mitr i 1 
area ( loin So-mi palat i isk We' ha;V(' used W0 N, 49oE) and I' is

the dIi',-- (VTn Ie Jj ev(.nt . Y is tlit- coefficient of nelasth-



attenuation. We have used y = 0.001 kmI , which is near the value

obtained by Nuttli (1986b) for 1 second Lg waves for paths from

Semipalatinsk to Scandinavian stations. Note that a very accurate value

of I is not required when considering a limited source region, as the

effects of small variations in this parameter on the resuLting mb(Lg)

values are negligible.

The Lg magnitudes at NORSAR and GRF of eventl in the data base are

listed in Table VII.6.1. Since these estimates take into account both

station terms and epicentral distance corrections, they are slightly

different from values published earlier, but nevertheless in good

agreement.

Table VII.6.1 also contains ustimated standard deviitions of the Lg

maegnitudes, taking iuto ,ccount both the scattering acro;s each array,

tHe signal-to-noise ratios and the variance rt~duct ion obtaired by the

aver.aging procedure 'see Appendi >:). We emphasize that the. standard

deviationn are indicative only of the precision ot measurement, and

should not be interpreted as being representaLive of the accuracy of

these magnitudes as source size estimators. We notc that magnitud es of

the larger explosions may be measured with very high precision, where-.s

the uncertainty is greater for the smaller events. due to th,& lower

iignal-to-noise ratios. It is also clear that t-he NORSAR-based

estimates are more precise t-han those using GRF dati, efpecial lv for

events for which full GRF array recordings are not availilhil

Fig. VII.6.2 shows a scatter plot of NORSAR versus ,,RF ta~nitides for

all common evens. The straight line represents a 1, :imt squares fit. to

the data, assuming no errors in NORSAP magnitudes. 'A note that the

two arrays show excellent consi, tency, aithouvh there is .;ome increase

in the scattering at low magnitudes. The standard Jhviati)n of the

differences relative to the least squares fit is 0.045 magnitude

unit.s. Also there is no significant separation between events from NP

a nd S' Shagan with regard to the relative Lg magnitudes observed at the

two arrays.



In Yig. V11.6.3 a similar plot is show'n, inclu-ding only 'well-recorded'

events, i.e., requiring at least 5 operational GRF channels and a

standard deviat ion of each array estimate not exceeding 0.04 niagnittude

units. The slope of the str-aight line fit has beeni restricted to tht,

same value (1.15)) as: in Fig. VII.6.2. Wc niote, that there is a sig-

nificant reduction inr the sc.-iter, and the standard deviation of the

residuals is onl y 0).032 magni tude uni t-s. Thus the 1-g magnitudes

measured at the two ;orays show excel lent consistency for high signal -

to-noise ratio events.

The slope (11.15) of the straiight-linie fit- in Fig. V71.6.2 is slightly

gre;.-ter thain 1.00. a tendency also noted by Ringdai and Fyen (1988):

The interpretation of .his observation is somewhat uncertain; a

possible explanation Is scaling differences in the Lg source spectrum

(Kva-rna and RinFpcq], 1988). in combination with the response dif-

fere nces of the 'Yi<SAR and GRF inistruments. Wi. have attempted to

compare the two da,-ta sets after aistrgthe GRF recordings to a

N0RS'AR-tvpe resuonse. Howe ver, tie results were inconclusive since th,

GRF signal- to-no ise raitio th-iw heraime too low for the smaller eventks.

Fig. %111.6.4 illustrateus the, patteorn of P-Lg bias in the Shagan Ri'.w:-

area, using m0) value';, computed at Blacknest (Marshall-, personal

communication) together with combined NORSAR/GRF Lg magnitudes. The

latter have been deiived by adjusting the GRF magnitudcs to an

"eqUivalelr NOP.SAP v.flue using the s-trnight-I me relation of Fir.

VII. 6.3, and then calculatinig a weighted average using the inverse

variances (Table V11.6.l) as weighting faiccors. Fie.. V1tl.6.4 includes

all events of >o. -. 6 , ic;suwhq ,i it hi- two- array ohser\Tat ionls ()I

very prec ise l.g weasmirmenits troin one arrtiv (o 0./.

Althouigh both tle T1) "alues and the igp magnitudes- have been revised

relative to those used in) earlier studiles, liy ','T I6/ con'firms the

observations previous]ly made regarding the systematic difference

between P-Lg residuals from NE and SW Shagan. In the NF ares, n1 (P) c

generallIy lowe r 'i cii m (fLg) whereas t he opipos ito behavi or is 5Seen in

the SW portion. '11E, .1%E explosion of 14t September 11988 has a P-LFg bias,



of 0.06 which is close to the average for the SW region. Furthermnore,

thtece appears to be a transi tion zone between the Lwo port-iens of th..-

test site, where the residuals are close to z-ero.

Conclusions

From this and previous studies, we can conclude that the L~g RNS

estimation methods provide very stable, mutually consistent results

when applied to two widely separated arrays (INORSAR and (RF) . This is

of clear significance regarding the potential use of such Lg me-isure-

ment-s for yield estimation. Further research will be dir,-cted t-oward

expainding the data base by conducting similar studies using other

available station data as well as studying Lg recordings froml other

rest sites. In particular, seismic data that might: become available

fromn USSR stations in the future would b)e of' importance ISoth) it' furciier

assi-ss Ing the stability of the estimates and to oh: aii 1.. onitu

for explosions of lea.. yields.
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No. ORIGIN ORIGIN MB **** NORSAR **** ***** GRF **,**

DATE TIME M(LG) N STD M(LG) N STD
---- --------------------------------------------------------------
1 01/15/65 5 59 58 5.8 - -. . .

2 06/19/68 5 05 57 5.4 - -. .

3 11/30/69 3 32 57 6.0 - -. .
4 06/30/71 3 56 57 5.2 - -. . .
5 02/10/72 5 02 57 5.4 - -. . .

6 11/02/72 1 26 57 6.1 6.116 42 0.014 - - -

7 12/10/72 4 27 7 6.0 6.115 42 0.009 - - -

8 07/23/73 1 22 57 6.1 6.195 40 0.006 - - -

9 12/14/73 7 46 57 5.8 5.866 42 0.033 - - -

10 04/16/74 5 52 57 4.9 - -. .

11 05/31/74 3 26 57 5.9 - -. .

12 10/16/74 6 32 57 5.5 5.409 42 0.024 - - -

13 12/27/74 5 46 56 5.6 5.711 42 0.056 - - -

14 04/27/75 5 36 57 5.6 5.547 42 0.057 - - -

15 06/30/75 3 26 57 5.0 - - -

16 10/29/75 4 46 57 5.8 5.628 42 0.046 - - -

17 12/25/75 5 16 57 5.7 5.794 42 0.035 - -

18 04/21/76 5 2 57 5.3 - - -

19 06/09/76 3 2 57 5.3 5.200 42 0.089 - - -

20 07/04/76 2 56 57 5.8 5.811 42 0.009 5.785 4 0.024
21 08/28/76 2 56 57 5.8 5.734 41 0.013 5.654 3 0.052
22 I123/76 5 02 57 5.8 - - - 5.794 3 0.057

23 12/07/76 4 56 57 5.9 - - - 5.702 3 0.088

24 05/29/77 2 56 57 5.8 5.673 41 0.035 5.570 3 0.038
25 06/29/77 3 6 58 5.3 5.031 40 0.110 - - -

26 09/05/77 3 2 57 5.8 5.893 40 0.017 5.768 3 0.036
27 10/29/77 3 7 2 5.6 5.788 41 0.043 5.685 3 0.041
28 11/30/77 4 06 57 6.0 - - - 5.716 3 0.041

29 06/11/78 2 56 57 5.9 5.750 39 0.029 5.724 4 0.039
30 07/05/78 2 46 57 5.8 5.795 39 0.010 - - -

31 08/29/78 2 37 6 5.9 6.009 39 0.008 6.001 6 0.022
32 09/15/78 2 36 57 6.0 5.908 38 0.018 - - -

33 11/04/78 5 5 57 5.6 5.672 39 0.088 5.624 6 0.080
34 11/29/78 4 33 2 6.0 5.969 39 0.013 5.828 2 0.075
35 02/01/79 4 12 57 5.4 - - - - - -

36 06/23/79 2 56 57 6.2 6.056 21 0.009 6.113 4 0.021
37 07/07/79 3 46 57 5.8 5.968 38 0.008 5.940 7 0.021
38 08/04/79 3 56 57 6.1 6.101 39 0.008 6.106 9 0.015
39 08/18/79 2 51 57 6.1 - - - 6.138 7 0.017

40 10/28/79 3 16 56 6.0 6.054 34 0.010 6.050 8 0.023
41 12/02/79 4 36 57 6.0 5.916 28 0.021 5.949 10 0.025
42 12/23/79 4 56 57 6.2 - - - 6.042 9 0.021

43 04/25/80 3 56 57 5.5 . . .. . .
44 06/12/80 3 26 57 5.6 - - - 5.575 11 0.105

45 06/29/80 2 32 57 5.7 5.680 16 0.026 5.744 8 0.046
46 09/14/80 2 42 39 6.2 - - - - - -

47 10/12/80 3 34 14 5.9 5.927 28 0.013 5.938 13 0.034
48 12/14/80 3 47 6 5.9 5.931 28 0.018 5.948 10 0.027
49 12/27/80 4 9 8 5.9 5.936 27 0.014 5.886 11 0.034
10 03/29/81 4 3 50 5.6 5.555 28 0.085 5.439 11 0.164

Table VII.6.1. List of presumed explosions at the She'" River test

;rea near Semipalatinsk, USSR. The mb values are thosu puthlished in the

ISC bul Letins for events prior to 1986, and are otherwise, taken from
NEIC/PDE reports. NORSAR and Grafenberg Lg RMS magnitudcts are given for

all events with available recordings of sufficient signl- to-noisu

ratio. The number of data chaniiels used and the estimated preci:io (,f

measuremerts (see Appendix) are given for each magnit lide v4 1 e ( Pag, I
of 2).



No. ORIGIN ORIGIN MB **** NORSAR **** ***** GRF *****
DATE TIME M(LG) N STD M(LG) N STD

51 04/22/81 1 17 11 6.0 5.907 28 0.022 5.956 ii 0.027
52 05/27/81 3 58 12 5.5 5.456 27 0.023 - - -
53 09/13/81 2 17 18 6.1 6.114 29 0.008 6.109 9 0.015
54 10/18/81 3 57 2 6.1 5.984 34 0.010 5.956 9 0.021
55 11/29/81 3 35 8 5.7 5.545 28 0.121 5.512 12 0.192
56 12/27/81 3 43 14 6.2 6.071 34 0.009 6.050 9 0.021
57 04/25/82 3 23 5 6.1 6.078 35 0.008 6.069 10 0.017
58 07/04/82 1 17 14 6.1 - - - - - -

59 08/31/82 1 31 0 5.3 - - - - - -

60 12/05/82 3 37 12 6.1 5.988 31 0.019 6.001 13 0.020
61 12/26/82 3 35 14 5.7 5.655 39 0.080 5.598 13 0.067
62 06/12/83 2 36 43 6.1 6.073 25 0.009 - - -

63 10/06/83 1 47 6 6.0 5.867 19 0.033 5.851 11 0.040
64 10/26/83 1 55 4 6.1 5.999 33 0.021 6.035 11 0.020
65 11/20/83 3 27 4 5.5 - - - - - -

66 02/19/84 3 57 3 5.9 5.723 29 0.038 - - -

67 03/07/84 2 39 6 5.7 5.695 29 0.065 5.575 12 0.108
68 03/29/84 5 19 8 5.9 5.899 29 0.012 5.961 13 0.043
69 04/25/84 1 9 3 6.0 5.869 35 0.008 5.804 13 0.031
70 05/26/84 3 13 12 6.0 6.073 33 0.007 6.132 13 0.015
71 07/14/84 1 9 10 6.2 6.055 32 0.007 6.066 12 0.015
72 09/15/84 6 15 10 4.7 - - - - - -

73 10/27/84 1 50 10 6.2 6.082 33 0.011 6.143 13 0.016
74 12/02/84 3 19 6 5.8 5.881 29 0.020 5.864 12 0.036
75 12/16/84 3 55 2 6.1 6.046 29 0.010 6.037 13 0.014
76 12/28/84 3 50 10 6.0 5.982 35 0.009 5.944 13 0.021
77 02/10/85 3 27 7 5.9 5.801 40 0.024 5.800 13 0.058
78 04/25/85 0 57 6 5.9 5,859 29 0.045 5.848 7 0.047
79 06/15/85 0 57 0 6.0 5.976 30 0.009 6.031 13 0.017
80 06/30/85 2 39 2 6.0 5.928 30 0.009 5.905 12 0.016
81 07/20/85 0 53 14 5.9 5.858 37 0.013 5.867 12 0.031
82 03/12/87 1 57 17 5.5 5.215 33 (,.076 - - -
83 04/03/87 1 ]7 8 6.2 6.051 33 0.008 6.126 11 0.017
84 04/17/87 1 3 4 6.0 5.898 33 0.020 5.912 12 0.026
85 06/20/87 0 53 4 6.1 5.968 36 0.007 5.943 10 0.0?8
86 08/02/87 0 58 6 5.9 - - - 5.856 11 0.022
87 11/15/87 3 31 6 6.0 5.973 37 0.008 5.983 13 0.022
88 12/13/87 3 21 4 6.1 6.091 31 0.010 6.066 12 0.015
89 12/27/87 3 5 4 6.1 6.046 31 0.011 6.032 13 0.019
90 02/13/88 3 5 5 6.1 6.042 26 0.009 6.047 13 0.029
91 04/03/88 1 33 5 6.1 6.067 31 0.007 6.076 13 0.014
92 05/04/88 0 57 6 6.1 6.040 31 0.008 6.064 13 0.020
93 06/14/88 2 27 6 4.9 - - - - - -

94 09/14/88 4 0 0 6.0 5.969 37 0.010 5.970 12 0r4.

Table VII 6.1. (Pi 2 ol 2;



CHANNEL BIAS N STD
NO

1 0.15 24 0.029
2 0.15 31 0.031
3 0.19 24 0.042
4 0.08 19 0.034
5 0.01 12 0.046
6 -0.11 18 0.030
7 0.01 16 0.041
8 0.09 15 0.036
9 -0.09 19 0.039

10 -0.15 13 0.024
11 -0.04 7 0.033
12 -0.17 12 0.039
13 -0.12 14 0.045

Table VII.6.2. List of station terms (statiol RMS 1.1, v.al e miis al':iv
dverage) for t-he ;rafenberg array. The 13 individu i1 vertical component
seismometors are listed in the sequence AI-4, BI-. md C1-4. The ia;
values are based on high signal-to-noise ratio eventf; re,-orded by at
lean t 10 channeIs. The number of observ.i-iou; arid he saple dtanida
deviation is listed for each instrument.



CHANNEL BIAS N STD
NO

1 0.05 49 0.051
2 0.11 31 0.044
3 0.17 23 0.044
4 0.04 6 0.025
5 0.10 45 0.028
6 -0.01 49 0.060
7 0.01 43 0.033
8 0.08 39 0.045
9 -0.01 42 0.029

10 0.13 42 0.036
11 0.00 34 0.047
12 0.05 43 0.042
13 0.03 48 0.038
14 -0.11 48 0.028
15 -0.01 49 0.033
16 -0.01 49 0.035
17 0.03 49 0.032
18 -0.02 49 0.040
19 -0.02 43 0.033
20 -0.01 44 0.043
21 -0.05 45 0.034
22 -0.05 45 0.024
23 -0.03 44 0.049
24 -0.04 46 0.022
25 -0.10 45 0.031
26 0.02 45 0.037
27 -0.07 44 0.027
28 -0.08 45 0.023
29 -0.02 45 0.031
30 -0.02 45 0.038
31 -0.06 42 0.031
32 -0.0* 42 0.025
33 -0.03 41 0.047
34 -0.02 43 0.033
35 -0.04 44 0.029
36 0.01 40 0.055
37 -0.04 21 0.031
38 -0.05 32 0.030
39 0.01 20 0.064
40 -0.01 19 0.046
41 0.02 18 0.036
42 0.05 20 0.029

Tab~le VII. 6.3.m ist (1J itiiin t 2 ioin (st ation P.MS Lb; valu, rninu., ,ci
average) for thle NORSAP array;. Tli. 'I indi vidual sr-isniomnttvtr ait,

li sted in 'le St AIICdf SequeC'n(-( (!;uha - v ; OlA t hroiigli (hC) . li hi a-
1/4lues are based on ov - nt~s with hilgh Ni gnal -to- nokk. rcit 10 (1,)'
inago i tude '> 5. 8) The i numberi of o s erv. It I ons an?1( 1he ";a In p Ioe ) I ria I)(

cl(-;re Ii -;te for iraici il;ti rtumij



Lg propagation paths
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o NORSAR D=4200 km -

40Az=313 -

G AFEN~BERG D=4700 km SEMIPALATIN~SK

Az=297 -

EAST LONGITUDE (DEG)

i. T VTI 1. lrat ion of !-1W NORSAR iinl kij, lh'T rflit
o lwSenpiI tin; ZSite.



MAGNITUDE COMPARISON
S)HA CAN RIVER EVENTS

S= 115 I=-0.901 D=~ 0.045 N=~ 53

0

1 150 52 5-4 5, 5.8 6.0 6.2 6.4

NAG Af(LG-)

Fip_. VII h. 2. Nlot I rvehr~,(P''ersiis NURSAR ("NAO) Lgp
magnitudes tor Shagati River 'r:p o 11. h figure ~r tiill IIconimIle
events in Table V11 .6 I. Events iii the NF, and SW part-'; of Sha ' pai ar,
marked as filled squares and opei. squares, repetiy .The str-aight
line (slope 1. 15) repreisents. a ILeaift squaircs fit to Hie datai assuiriiit
no error in NORSAR Lg mneasuromonts. The st-andardl dcvi at io -f fli
residlual.,. along rho vent ical ixi,, relaitive to hejk st 1: j~llit 1 til- i.1
0.045, .,ndl the dot-t, AIiries 4'orres-pond to riism nwo ,darA



MAGNITUDE COMPARISON
SHAGAN RIVER EVENTS

I S= 1.15 1=-0.8396 D= 0032 N= 35

Coi

~~0

5.6 5.8 6.0 62 6.4

NAO0 AM(LO)

ijj~..VI. 6 .Sam .v Fg. ii (.,but showing o2 ":

''tsi.(-.. requliring at least 5 Operatijonal GRF chanr 1 III(:. a
;tandard deviation of each array estimate not exceeding 1,04, The s lope

of the st ra ight line- has been restric ted to the valu te oh aii ned it) 11'i y.-
VI 1.6-9. Note that the scatter in the dat-a haw been :ie ' oi f i cai. 1,;
ved mcd, and t he s t atidard (!CVjat ion i n the ye r ical di I rer: inn ij r on 1 v
a .),2 magnitude units for t his (data 5( t.



ISC MB
S-A GAN RIVER EVENTSA'rc

BIAS RELATIVE TO NrAO/GRF LC

+ 0.05

± 0.10
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0 09 -0.10

0 -0. (5

OR 0 - 0 20

+ 0 +

JVE

8.6 78.7 78.8 78!) 79.u 79.1 79.2

LONGITUDE

Fipr. VII .6.4. Plot (-) P-Lg maigni tiide residuals ( ISG maximum I ikel ilwioo
minus NORSAR/CrAfexnberg Lg magniAUdeS-) W-, a fune i ioll of event loeat i on
(Marshall, personal communication) within the Shagan River area.
Plusses and circles correspond to rer;iduals greater or less than tHie
average, respectively, with symbol size proportional to the deviation
All events Of mh(Lg) t 5.6 for which we have precise locations havc
been included, assuming either two-array observations or ver i res
Lg measurements from onie array. Thc JVE explosio OUis especi[ally marked.
Note the systematic variat ion froin NE: to SW SliatganV'~ an aipparenlt
transition zone in between.



Appendix to Section VII.6

It)r his appendix we develop an approximaite expression for the '-Ircer-

tiiry ini the RMS Lg magnitude estimates described earlier. We firs':

coits ider the cast, of a single sensor measurement. ind aft erwardq

address the array averaging procedure.

Denote by xl(t) the recorded signal in the "Lg window", and assume That

this is composed of a riois ? component x?2 (t) aind a signal component

x-)t) as follows:

xl(t) I- 2 (t) + X3 (t)(1

Here, we assume that the noise component x 2 (t) can he nooe lied is aI

ze-ro-mean random process which is stationary over t time interv'nl toilF

enough to include both the LFg window and a suitable noise wiida)w

preceding the P unset . The sinlx 3 (t is considered a zero-mcan

random process defined in the Lg time window, and b,.inF. uncorre2 ated

5can thuas obtain an ostimate of the mpean square X)e of X()h

where Xl is the mean square value of x, (t i n t he j;g wi ida:. 111( X.

is the mean square value ot X2 (t) in the noise window-.

Th e Lg RMS ma gn it ude i s t he n (a pa rt Im m a in a ddi i, c ontis tan t

determined as log10 /7%

We now make the assumption that the quantities: Xi V- . each

follow a lognormal distribution, when considered as random varialblec.

We emphasize that. this assumption, which is rea.sonale~l ini view of

empirical studies of logarithmic amplitude patterns of signals and

noise, represents an approximation only. Thus, we know thit- the.



difference betw.,en txuo Iognorinal variables, is isually riot another

lognormal varin'ile, but for our puirposes this approximation is useful

We rray thuis wr i r (us ing naitural logari.thiis):

logXI is N'wi, ha 2 ) i . (3)

Note that uisingi '4i. : the variance of 1ogXi corresrponds to cr1

representiing tic, var i, nic of the IoF U'IS Csctiiiate.

The uican, a-: ,r inccs of (I mc resqpect ,I-v vau iblh Ic carl then be

expressed by (Al tehi-con andI Brows,. 1969):

EXi = 1 .o e M.~ 
(4)

Fron, eq . (2) w~fmrthicrmnee 01taiii

EX3  FXI F x, (6)

va r. XI V'.': vA-)K (

Coririning .%) d (' this Itads to tiho r( at ion:

(E2 - EXj) 2  ' 1 j (Y ' ~~- +

2EX (8)

(P'X2 )2 1

Substituting EX, 1 " ndX 2 b)-y 1he ("'erve(d vales X, an'd X2 , respec-

t ively, and assimmi~ng stnail1 values of oj (i 1,..3) we obtain troun

(8) the following s;impLified( relation:
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2 l2  X1  + 022 '22
32  A (9)

(X1 - X(2)2

which represents an approximate expression for the variance of logrVT3

Note that (9) is developed using natural logarithms, it applies without

change if base 10 logarithms are used throughout.

Although we have used a number of simplifications in arriving at (9),

simulation experiments using randomly generated distributions have

shown that this formula gives a useful approximation to the actual

scatter in the estimates within a reasonable range of parameter values.

We note that in case.s; of high signal-to-nrise ratios, (i.e., X1 >> X.)),

we obtain from (9) c32 : C12 ; thus the noise variance has no sig-

nificant effect on the Lg magnitude variance. On the other hand, as the

signal-to-noise ratio becomes small, the variance c32 will increase

rapidly.

In 'he array averagi:ig procedure, we assume that the re c oi2 is

reduced in proportion to the number of array elements, whereas we

consider 022 to represent mainly a systematic noisi, fluctuation t-hat is

not reduced through array averaging.

A

Defining the signal-to-noise ratio a b,a -- XI/X 2 , .zid dc:ioting by N

the number of array elements, we thus obta in fr,,iri

2 (012 .
2 )/N 

+ 02 2

03
(a - )2

As a numerical example, consider the JVE explosion (,event 9/4 ir Table

Vi1.6.1).

For NORSAR, we have estimated a - 13.12, with N "1, and we assume

al 0.04, 02 - 0.08, Formula (10) then gives 03 O-0lO.
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For GRF, we have a = 3.03, with N - 12, and the same input a values as

above then give c3  0.043. Thus, the estimated uncertainty of the GPF

Lg magnitude is considerahly greater than that of NORSAR, the main

reason being the lower signal-to-noise ratio Cor GRF.

Reference

Aitchison, J. and J.A.(,. Brown (1969): The Lognormal Distribution,
Cambridge Uni-.,c->;ity Press, UK.





of I h, stra3igh~t line has been restricted to Ht- value otied in I.

VlI 1.6. ote that the scatter inl the data ha beer ;~ i j f ic a!I I 'i
ro~cdand Ithle st axidard deviation ill thle yE1- i Ca I (if rec, ioll i ; oil I

1) ) 12 Ina gnIit ude untitS f or t his, (Iat a se(t.



average, respectively, with symbol size proport ional to the devi ati]
All events of mbqLg) ! 5.6 for which we have precise locations lovc
been included, assuming either two- array observat ions or very prec iqe
Lg measurements from oie arra. Thec JVE explosion is especially marked.
No te the systematic va riot ion from NE to SW Shoon, Ot h an ajpparent.
transition zone in between.



follow a lognormnal distribution, when considecred as ranidom varlibIle&,

We emphasize that this assumption, whicli is rtcasoniJI1e iii vicw of

empirical studies of logarithmic amplitude patterns of signals and

noise, represents an approximation only. Thus, we kiiov thoit the.





For NORSAR, we have estimated a =13.12, with N I7, andi Wet a.-Luine-

al 0.04, u2 -0.08. Formula (10) then gives 03 (;.010.




