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Abstract

A Soviet nuclear explosion conducted at the Semipalatinsk Test Site on 14 September 1988 as an
outcome of the Joint Verification Experiment (JVE) Agreement was recorded very well along the Kemi -
Kostarmus deep seismic sounding profile and at all permanent seismic stations in Finland. The seismic waves
recorded in Finlandin the distance interval 3180 - 3550 km on the Baltic (Fennoscandian) Shield penetrated
through the upper mantle of the southern part of the west Siberian platform, Ural Mountains and East
European platform. The maximum deviations of the observed travel times of the P-waves are of the order
of 0.5 5. These result from major differences in the crustal structure in Finland, and are fully explained by
Moho depth and mean crustal velocity differentiation.

1 Introduction

A nuclear explosion was conducted at the Semipalatinsk Test Site on 14 September
1988 as a direct outcome of the Joint Verification Experiment (JVE) Agreement (SIPRI
Yearbook, 1989). The times of origin as published in the USSR (Operational Seismologi-
cal Catalogue), the USA (Earthquake Data Report) and Sweden (Seismology 1988, 1989)
are the same:

to = 03" 59™57.4% UT

The geographical coordinates given by these sources differ slightly but for a distance of
the order of 3400 km, corresponding to Finland, the differences in epicentral distances are
insignificant, being around 2 km. The following analysis is based on the coordinates in
the Soviet bulletin.
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A=7891°E, ¢=49.87°N, k=0

The JVE explosion was recorded very well along the Kemi - Kostamus deep seismic
sounding profile and at all permanent seismic stations in Finland. Characteristic of all the
records are very strong first arrivals of P-waves without any distinct later arrivals. A
recording similar in character to this was obtained at the Hagfors observatory in Sweden
(Seismology 1988, 1989). An absence of distinct S-waves from nuclear explosions at the
Semipalatinsk Test Site is also typical of records in Finland.

2. Records of the Soviet JVE explosion along the profile Kemi - Kostamus

The Soviet JVE explosion was recorded along the Kemi - Kostamus (KE) deep
seismic sounding profile in central Finland. Six three- component mobile field stations
SN-PCM-80 (Nurminen and Hannula, 1981) were spaced about 40 km apart along the
profile in the epicentral distance interval 3286 - 3481 km. Their locations are shown in
Fig. 1. The explosion was recorded very well at all these stations, and a section from the
Kemi - Kostamus profile is shown in Fig. 2. The geographical coordinates of the stations,
times of first arrivals of P-waves, epicentral distances and travel times are listed in Table
1.

Table 1. Locations (A,) of seismic stations on the Kemi - Kostamus profile at the time of the JVE, recorded
times 7, of the first P-wave arrivals and travel times f,.

Station A, E ', N ip, hms UT A, Dkm tr, s 1 -A/10,5

1 29.579 64.873 04:06:04.32 3287.5 366.91 38.16

2 28.808 65.047 04:06:07.05 3325.8 369.65 37.07

3 28.008 65.211 04:06:10.64 3365.0 373.24 36.74

4 27.178 65.356 04:06:14.06 3405.1 376.60 36.09

5 26.392 65.497 04:06:16.70 34427 379.21 34.94

6 25.555 65.644 04:06:19.81 3482.5 382.39 34.14
*) distances A and time ¢, calculated according to source location and time of origin data from the
Operational Seismological Catalogue.

The apparent velocity of the first arrivals of P-waves is about 12.5 km/s, and the
travel times of the explosion for the whole epicentral distance range from 3286 to 3481
km are very close to those calculated for the East European platform models KCA (King
and Calcagnile, 1976) and MUMEP (Grad, 1987, 1988). The JVE travel times are about
1-2 s shorter than the times to the Baltic Shield and Western Russia determined from
earthquakes and nuclear explosions (Enayatollah, 1972; England and Worthington, 1977)
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Fig. 1. Location of seismic stations and profiles against the background of the major tectonic units of Finland:
Archaean basement (shaded area) and Svecokarelides (white area). 1- deep seismic sounding profiles; 2-
quarry blast profiles; 3- seismic field stations on the Kemi - Kostamus (KE) profile; 4- permanent seismic
stations.

and about 2-3 s shorter than those of Jeffreys and Bullen (1940). The scatter in the times
of P-waves is of the order of 0.4 s, and since the locations of the stations along the Kemi
- Kostamus profile and the arrival times were determined with a very high degree of
accuracy, the deviations from a smoothed line must result from inhomogeneities in the
structure. Several deep seismic sounding profiles have been produced for this part of
Finland, and the crustal structure is known fairly well (Yliniemi, 1989). In general,‘the
P-wave velocity beneath the Kemi - Kostamus profile changes from about 5.8 km/s at the
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Fig. 2. Seismic records (vertical component) along the Kemi - Kostamus profile in central Finland of the JVE
explosion in the USSR. Distance from the source computed according to source data from the Operational
Seismological Catalogue. Time =0 corresponds to 04"06™00° UT.

near surface to about 6.5 km/s at depths of about 12-15 km and to about 7.2-7.3 km/s in
the lower crust. The largest variations are observed in the Moho depth, which changes
along the profile from about 40 km to greater than 55 km, while the velocity in the upper
mantle, determined from refracted P, waves, also changes from 7.9 to 8.1 km/s between
blocks along the profile. Detailed interpretations of the deep seismic soundings and 2-D
modelling along the Kemi - Kostamus profile will be the subject of a later paper. Such
large variations in structure could produce relative differences of the order of 0.4 s in the
time of arrival, Fig. 3 shows a comparison of the observed travel times and those calculated
using the ray tracing method (Cerveny and Psencik, 1983), in order to obtain a generalized
lithospheric model along the Kemi - Kostamus profile. Inhomogeneities in the structure
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explain the deviations in the observed travel times very well. This example shows that
even for shield regions without any low-velocity sedimentary cover, time correction
connected with the crustal structure could be observed and have significant values. Thus
knowledge of the Moho depth and mean crustal velocities are of great importance in
seismic investigations.
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Fig. 3. Comparison of observed and calculated travel times (a) and the ray diagram for the model of the
lithosphere beneath the Kemi - Kostamus profile (b). Distance in km from the beginning of the profile,
reduction velocity vreq = 10.0 km/s.

1- location of a seismic station on the profile and epicentral distance from the JVE nuclear explosion in km;
2- observed times of the JVE explosion; 3- calculated travel times; 4- Moho boundary; 5- Earth’s crust; 6-
P-wave velocities in km/s in the upper mantle. .
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3. Crustal thickness and mean velocities in the crust

Several deep seismic sounding profiles have been obtained in Finland in the last ten
years, all of them situated on the Fennoscandian Shield, in the Archaean and Svekokarelide
provinces (Fig. 1). Results concerning the Sylen - Porvoo, Finlap, Sveka, Baltic and Polar
profiles have been published earlier in many papers (e.g. Luosto, 1986; Luosto et al. , 1983,
1984, 1985, 1989; Grad and Luosto, 1987). A number of profiles have also been run in
the central part of Finland using quarry blasts as sources of seismic waves (Yliniemi and
Luosto, 1983; Yliniemi, 1990), and all the resulting data are gathered together in the map
of Moho depth in Fennoscandia (Luosto, 1990). The variations in crustal thickness are of
the order of 20 km, the maximum depth of the Moho discontinuity being observed in the
middle Finland.

It is obvious that the mean crustal velocity also depends on the thickness of the crust.
The values for the mean crustal velocities, collected from 1-D and 2-D models for all the
profiles shown in Fig. 1, are presented in Fig. 4a. The linear dependence between mean
crustal velocity and crustal thickness was calculated for all the data using the least-square
method:

V() = 6.10 + 0.0114 7y @

where v is the mean velocity in km/s, and ks the crustal thickness in km. The mean crustal
velocity versus crustal thickness increases from about 6.55 km/s for a 40 km thick crust
to about 6.80 km/s for a 60 km thick crust. The scatter in the data is small, and all the points
are in the band between -0.1 and +0.1 km/s of the average line .

The mean velocities could also depend on the age of the crust. When all the data
were divided into two files corresponding to the Archaean and Svecokarelide provinces
the formulae were:

V(has) = 6.05 + 0.0126 Ay for Archaean ?)
V() = 6.17 + 0.0100 hyy for Svecokarelides 3)
A relatively small difference in mean velocity is observed, and for crustal thickness from

40 to 60 km, corresponding to the Fennoscandian Shield in Finland, the differences are
insignificant (Fig, 4b).
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Fig. 4. Mean crustal velocities versus crustal thickness for the Fennoscandian shield in Finland. (a)- all data:
solid line derived from formula (1) and dotted lines corresponding to values -0.1 and +0.1 km/s; (b)- data
divided into Archacanand Svecokarelide provinces: Ar - dashed line derived from formula (2) and Sv - solid
line from formula (3).

4. JVE records from permanent seismological stations in Finland

The JVE explosion was recorded very well at all the Finnish seismological stations,
data from all of which were used in the present analysis, both the stations with digital
recording systems and those with paper recording systems of speed 60 mm per min. Thus
the accuracies of the time readings for the first arrivals are of the order of 0.01 and 0.1 s
respectively. The locations of the permanent Finnish stations and times of the first arrivals
of P-waves from the JVE explosion are listed in Table 2, and reduced travel times are
shown in Fig. 5a. The scatter of the order of 0.5 s observed in the arrival times can be
explained by crustal structure differentiation.

The time correction At connected with differentation of the crustal structure beneath
the seismological station can be expressed in the form:

T sine | v,v, )

hM - HM ( ’—L;c —'Um)
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where 5 - Moho depth under the station, Hy, - reference depth, e - emergence angle, v, -
mean velocity in a crust of thickness /4, v,, - velocity in the upper mantle. The time
corrections for the JVE records were calculated for the reference depth of the Moho Hy =
40 km. Depths of the Moho boundary # were taken from the map of crustal thickness for
the Fennoscandian Shield (Luosto, 1990). Mean crustal velocities v, were calculated from
formula (1) and the average velocity in the uppermost mantle v,, was taken to be 8.2 km/s.
The value of the emergence angle e was calculated for the average model MUMEDP of the
East European platform (Grad, 1987, 1988). All the results are gathered together in Table
2. The minimum value of the time correction is -0.04 s and the maximum -0.53s. Corrected
values for the reduced times of the first arrivals are shown in Fig. 5b.
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Fig. 5. Reduced travel times for the JVE explosion recorded at the permanent seismological stations in
Finland. Black stars correspond to data from digital stations and open stars to those with a paper recording
system. Reduction velocity 12.0 km/s.

(a)- uncorrected data; (b)- corrected data and comparison with reduced travel times for KCA and MUMEP
models (King and Calcagnile, 1976; Grad, 1987, 1988). '
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Table 2. Locations (A, §) of permanent seismological stations in Finland, recorded times i, Moho depths fips
and time corrections At for the JVE explosion.

Station ME o, N ma, km | A, km | ip hms UT Ats te)s
PKK 24.517 60.005 46.5 35487 | 04:06:25.60 0.22 387.98
PRF 25.681 60.386 44.0 3480.4 | 04:06:20.04 -0.14 382.50
NUR 24.651 60.509 46.0 35354 | 04:06:24.48 -0.21 386.87
KAF 26.306 62.113 53.0 3436.7 | 04:06:16.83 -0.42 379.01
KEF 24.871 62.166 53.0 35113 | 04:06:22.72 -0.42 384.90
SUF 26.151 62.719 57.0 34437 | 04:06:17:46 -0.53 379.53
JOFP 31.312 62.918 50.0 3181.6 | 04:05:56.45 -0.33 358.72
KINP 27.713 64.085 53.0 3369.5 | 04:06:11.35 -0.42 373.52
0) 2 27.7115 64.199 53.0 3370.1 | 04:06:11.15 0.42 373.33
ERV 25.842 65.085 41.0 34643 | 04:06:18.52 -0.04 381.08
sopP 26.629 67.371 47.5 34544 | 04:06:18.10 -0.25 380.45
KEVP 27.007 69.755 43.0 3485.1 | 04:06:20.20 011 382.69

*) _ distance A and corrected times .. calculated according to source location and time of origin data from
the Operational Seismological Catalogue.

P) _ stations with paper recording system.

5 Summary and discussion

The recordings of the JVE explosion provided a good opportunity to examine of the
effect of differences in crustal thickness on the travel times of seismic waves under well
known conditions. The results of seismic refraction measurements along profiles in
Finland have shown that the Moho depth changes considerably in this part of the Baltic
Shield, and an increase in mean crustal velocity versus crustal thickness has also been
observed. The scatter in mean velocities is less than = 0.1 km/s. The difference in mean
velocity dependences between the Archaean basement and the Svecokarelides is insigni-
ficant, and one can use the general formula (1) for the whole territory of Finland.

The maximum difference in the arrival times recorded at the Finnish permanent
seismic stations resulting from differences in crustal structure is 0.5 s. Using a simple
formula (4), all the differences can be fully explained by Moho depth and mean crustal
velocity differentiation. It should be noted that the time corrections increase for small
epicentral distances (i.e. small values of the emergence angle €) and these could reach
values of the order of 0.8 and 0.3 s respectively for crustal thickness of 60 and 45 km at
distances of 500 km. This could produce a significant systematic error, especially for the
location of near by earthquake.
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