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when oidy travel tin data ,u c , a:; n tvs mcgrphy, bectuse diffraction effect.s,
including focusing and defocusing, may influence the measurement of phase arrivals and
the correlation between signals in an array.

It is generally appreciated that later arrivals contain important information about the seis-
mic source and about the earth's structure. The arrival times of later phases reported to the
ISC have been used for tomographic studies of the earth's deep interior, by several work-
ers. However, the quality of these ISC data (as well as other data) has not been properly
assessed. For example, it is clear that the data set is incomplete due to missing detections,
but it is not clear whether and in which way this will bias inferenes from these data, It is
expected that the statistics of later arrivals depend not only on the type of phase but also
on the performance of the stations reporting this phase. As a first step to evaluate these
aspects, bulletin data produced by the large arrays LASA and NORSAR have been ana-
lyzed; these arrays can be considered representative of high-quality stations. The phases
PcP and PKKP were analyzed, as the detections of these phases weie sufficiently numer-
ous to produce meaningful statistics. The results of the investigation are given in para-
gra,11ph 2.2.

Synthetic seismograms may provide a better understanding of wave propagation in com-
plex media. A novel scheme for computing 2D synthetics based on numerical solutions of
the elastic wave equation using finite-difference techniques has been presented in a previ-
ous contribution. Recently this scheme has been generalized to models with free surface
tomography, and in paragraph 2.3. the usefulness of synthetic seismogram analysis to elu-
cidate wave propagation in the crust and mantle lithosphere is demonstrated. Synthetics
are computed for models with increasing structural complexities using a laterally homoge-
neous lithosphere model as a refrence. The results are displayed in the form of synthetic
seismograms, as well as snapshots at 20 sec lapse time. The most important result of these
exercises is that the synthetics share dominant wavefield characteristics with seismograms
stemming from real recordings of local events, even for relatively simple models of the
lithosphere. For example, for many models, the coda excitation relative to the amplitudes
of major P- and S-phases is roughly similar to that in real recordings. A practical conse-
quence is that caution should be exercised in reporting weak secondary phases.

Paragiaph 2.4 summari,-zes the status of development of the Northern Ltmi pe Regional
Array Network. During the fall of 1992, two new small-aperture ai•m•rvs were added to this
network. The new arrays are located nea: Apatity on the Kola Peninsula of Russia. and on
the Arctic island of Spitsbergen. Data from these two new array facilities are now being
integrated into the Intelligent Monitoring System, for processing jointly -ith data from the
NORESS, ARCESS. FINESA and GERESS arrays.
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Pre face

Under contract No. F49620-C-89-0038, NTNF/NORSAR has been conducting research
within a wide range of subjects relevant to seismic monitoring. The emphasis of the
research program has been on developing ad assessing methods for processing of data
recorded by networks of small-aperture arrays and 3-component .slations, for events both
at regional and teleseismic distances. In addition, more general seismological research
topics have been addressed.

This Scientific Report No. 15 is the final report for this four-year effort. It contains four
separate contributions relating to research performed during the final year of the contract
as well as abstracts for the investigations submitted as quarterly technical reports during
FY92.

NORSAR Contribution No. 482



I Summary

This Final Report describes the work accomplished under Contract N,). 1:49620.-C,9-
0038 during the final year of the contract. The report contains 4 separate contributions
(paragraphs 2. 1 through 2.4), as well as abstracts of the investigations submitted as quar-
terly technical reports during FY92 (paragraph 2.5).

A systematic analysis of teleseismic P-wave travel time and amplitude variations atcr1 s
the NORSAR array described in paragraph 2.1 reveals that (i) SP time and amplitudC
anomtalies are related. (i) SP' and l11l time variations are only partly related. tIld (iii) I.1'
amplitude variations arc very small. The coninlon poillon of the SlP and I,) time rcsiduals
can be explained by large-scale structures like a dipping Moho. The frequency depen-
dence of the variations, as well as the relation between SP time and amplitude anomalies,
indicates the signiticance of wavefield diffraction by subsurface structures. When map-
ping these structures it is thus appropriate to take diffraction into account. This is true even
when only travel time data are used, as in seismic tomography, because diffraction effects,
including focusing and defocusing, may influence the measurement of phase arrivals and
the correlation between signals in an array.

It is generally appreciated that later arrivals contain important information about the seis-
mic source and about the earth's structure. The arrival times of later phases reported to the
ISC have been used for tomographic studies of the earth's deep interior, by several work-
ers. However, the quality of these lSC data (as well as other data) has not been properly
assessed. For example, it is cle:r that the data set is incomplete due to missing detections,
but it is not clear whether and in which way this will bias inferences from these data. It is
expected that the statistics of later arrivals depend not only on the type of phase but also
on the performance of the stations reporting this phase. As a first step to evaluate these
aspects, bulletin data produced by the large arrays LASA and NORSAR have been ana-
lyzed; these arrays can be considered representative of high-quality stations. The phases
PeP and PKKP were analyzed, as the detections of these phases were sufficiently numer-
ous to produce meaningful statistics. The results of the investigation are given in para-
graph 2.2

Synthetic seismograms may provide a better understanding of wave propagation in com-
plex media. A novel scheme for computing 2D synthetics based on numerical solutions of
the elastic wave equation using finite-difference techniques has been presented in a previ-
ous contribution. Recently this scheme has been generalized to models with free surface
tomography, and in paragraph 2.3. the uscfulness of synthetic seismogram analysis to elui-
cidate wave propagation in the crust and mantle lithosphere is demonstrated. Synthetics
are computed for models with increasing structural complexities using a laterally homoge-
neous lithosphere model as a refrence. The results are displayed in the form of synthetic
"seisniogratins, as well as snapshots at 20 sec lapse time. The most important result of these
exercises is that the synthetics share dominant wavefield characteristics with seismograms
stemming from real recordings of local events, even for relatively simple models of the
lithosphere. For example, for many models, the coda excitation relative to the amplitudes
of major P- and S-phases is rouLghly similar to that in real recordings. A practical conse-
quence is that caution should be exercised in reporting weak secondary phases.



Paragraph 2.4 summarizes the status of de\ elopmnt.i of the Northern L.uipe Regional
Array Network. During the fall of 1992. tmo new ,,mall-aperture ana',s wele ddded to tlhl\
network. The new aurays are located near Apatity on the Kola Peninsula of Russia, and on
the Arctic island of Spitsbergen. Data from these two new array facilities are now being
integrated into the Intelligent Monitoring System, ft,4 processing J( mt l with dAu fronm the
NORESS, AR(CUSS, FINESA and (IdRiLSS array-.
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2 Sumtmary of Technical Findings and Accomplishments

2.1 Relation between time and amplitude variations at the NORSAR
array

Introductiotn

The pattern of travel time residuals across the NORSAR array has been studied exten-
sively in the past, with the aim to improve the process of locating teleseismic events,. For
this purpose Beiieussen (1974) constructed a time conrection table friom Si' P-wave resid-
uals at the 22 subarrays for 94 different incident wave directions. The residuals are
defined, as is common, as the difference between observed (detected) and theoretical
(model) arrival or waveform delay times. Later this correction table was also used to
determine the 31) velocity structure beneath NORSAR by seismic tomography (e.g., Aki
et al, 1977). It is well known that the SP data also exhibit strong amplitude variation,
across the array. A relation between time and amplitude variations may be expected ,l
physical grounds and would be diagnostic of the type of 3D subsurface structure, but such
a relation has not been experimentally determined. Here we will describe experimental
results of reanalyzing the time and amplitude variations at NORSAR.

The data

The waveforms from 86 events of Berteussen's (1974) data set could be retrieved from the
data base at NORSAR. The remainder of the events used by Berteussen was either no
longer retained at NORSAR, or the signal-to-noise ratio was considered unacceptably low,
or the epicentral distances were less than 30'. We omitted these short distances in order to
avoid that our results are influenced unduly by the (400 and 650 km) upper mantle discon-
tinuities. We then added the data from 29 other events which were selected so a to achieve
the best possible coverage of the incident wave directions. The coverage of our final SP
data set is not significantly different from that of Berteussen (1974). We also extracted LP
datr hut ,nlv 31 Nf the 115 events of our SP d:ita set had useful LP waveforms, due to
reduced signal-to-noise ratio. Fig. 2.1.1 displays the SP and LP slowness solutions, which
can be considered a measure of the incident wave directions. In order to list methods of
measuring travel time residuals, and to get a detailed view of the pattern of both time and
amplitude anomalies, we acquired an additional data set from a cluster of events in the
Kurile Islaads, at 70' di,;tance from the array. We selected SP data fiom 19 events, and LP
data from 6.

For the purpose of measuring travel time residuals, we found that an iterative method of
cross-conrelating subarray beam waveforms with the array beam, a method similar to the
one originally used at NORSAR. works well for the SP data, but the LP results were
obtained by replacing cross-correlation by least-squtues waveform fitting, allowing both
the time lag and the amplitude of the waveforms to vary. Our procedure of waveform fit-
ting minimizes the difference between subarray and array beams. The data windows used
in these methods were about 1.5 times the dominant signa period, i.e., 1.5 s for SP data
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and 30) s for 1,1 data. Note that these methods produce residuals relative to the array beam,
which can be regarded as an average over the anray.

Time and amt)litude variations

Fig. 2.1.2 shows the time and amplitude variations across the array, of SP and LP P waves
from he Kurile Islands events. We did not plot the LP amplitude variations as these were
very small. Fig. 2.1.2 illustrates well the large SP anomalies in both time (-I s) and ampli-
tude (- factor 10). The pattern of variations suggests that early arrivals tend to have sniall
amplitudes, whereas the amlplitudes of the later arrivals are less consistent. The LP time
residuals also show a systematic pattern, which is however different from the SP pattern;
the early arrivals in particular are less pronounced. Similar charactenstics can be inferred
from the data for all events. It is customary to express the variation of time residuals
across an array or network by means of the variance o2. On average, 02 is about 0.044 s2

for the SP time residuals, and about 0.029 s2 for the LP time residuals.

Fig. 2.1.3 shows the SP and LP residuals averaged over all events, for each of the 22 sub-
arrays. There is a clear east-to-wesi trend in both the SP and LP time residuals, with early
arrivals to the east and late arrivals to the west. This may be explained by a dipping Moho,
which is consistent with independent evidence of such a structure. Another prominent fea-
ture is the pattern of large SP amplitudes in the northeast, which has no obvious counter-
part in the time residuals. This amplitude pattern w,,1; recognized earlier and in fact played
a major role in the site selection of the NORESS array (Mykkeltveit et al, 1990).

The relation between Si' time and amplitude anomalies is shown in Fig 2.1.4. Fig. 2.1.4a
i'- the usual scalter diagram. In Fig. 2.1.4b the time residuals ale binned and the amplitude
anomalies are averaged as it function of timne residual. In Fig. 2.1.Ac the amplitude residu-
als are binned and the time residuals are averaged as a function of amplitude anomaly. The
pattern is in agreement with the results for one source region plotted in Fig. 2.1.2: There is
a clear relation between early arrivals and small amplitudes. High-amplitude arrivals tend
to be late (Fig. 2.1.4c), but late arrivals do not necessarily have high amplitudes (Fig.
2.1.4b). This suggests that, while focusing by low-velocity structures doe.,, occur, the focus
is not necessarily near the surface. Thi., interpretation is strengthened L, the synthetic data
for a model of the structure beneath NORSAR (0degaard and Doornbos, 1992); the pat-
terns of the synthetics plotted in Fig. 2.1.4 are very similar to the real data.

Conclusions

A systematic analysis of teleseismic P-wave travel time and amplitude variations across
the NORSAR array reveals that (i) Sl1 time and amplitude anomalies are related, (it) SP
and 1t ,1 time variations are only partly rclated, and (iii) I-P amnplitude variations are very
sniall. The common portion of the SF1 and 1,1' time residuals can be explained by large-
scale structure.s like it dipping Moho. The ftreLuency dependence of the variations, as well
as the relation between SP time and amplitude anomalies, indicates the significance of
wavefield diffraction by subsurface structures. When mapping these structures it is thus
appropriate to take diffraction into account. This is true even when only travel time data
are used, its in seismic tomography, because diffraction effects, including focusing and

4



defocusing, may influence the leasur ellm'll of pial"' ' an IiV ak and the , C)1l1t-eLt Ion bet ween
•i.naI in an array.

iE:. )degaard, I 40;, Oslo
D.J. Doorntm,
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Amplitudes vs. subarray number
for events from the Kurile Islands.
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Fig. 2.1.2. SP peak-to-peak amplitude and time r-esidual variation at the 22 subarrays for-
19 events, ana LP time r-esidual variation for-6 events from Kurile Islands. Peak--to-
peak amplitudes ar-e measured r-elative to the an-ay beams. Symbol size is propor-
ti0)tll to irnotnt of dapta.
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Average time residuals and amplitudes.
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2.2 Station performance in detecting later arrivals

Introduction

It is generally appreciated that later arrivals contain important information about the seis-
mic source and about the earth's structure. The arival times of later phases reported to the
ISC have been used for tomographic studies of the earth's deep interior, by several work-
ers (e.g., Doornbos and Hilton, 1989). However, the quality of these ISC data (as well as
other data) has not been properly assessed. For example, it is clear that the data set is
incomplete due to missing detections, but it is not clear whether and in which way this will
bias inferences from these data (e.g., Vinnik and Dashkov, 1970). It is expected that the
statistics of later arrivals depend not only on the type of phase but also on the performance
of the stations reporting this phase. As a first step to evaluate these aspects, we have ana-
lyzed bulletin data produced by the large arrays LASA and NORSAR in the past; these
can be considered representative of high-quality stations. We selected time intervals dur-
ing which a detector was applied consistently, i.e., April 1969 - December 1970 for LASA
and April 1971 - August 1976 for NORSAR. We analyzed PcP and PKKP as the detec-
tions of these phases were sufficiently numerous to produce meaningful statistics. In this
report we are primarily concerned with the statistics of detections and amplitudes, and we
have conducted simulation experiments to explain the general characteristics of these data.
Travel time data will be presented elsewhere.

Detection characteristics

Fig. 2.2.1 summarizes the performance of LASA in detecting PcP The results are based
on PcP detections for epicentral distances up to 600. For larger distances there is an
increasing number of P coda arrivals that are misidentified as PcP; evidence for this is pro-
vided by inspecting the slowness solutions for these arrivals. For each event magnitude,
the number of detections was divided by the total number of events in the chosen distance
range (20-600). The ratio is plotted as "detection rate", which can vary between 0 and 1.
Also plotted is the averaged amplitude for each magnitude. In order to merge the data
from different events, magnitudes are adjusted so as to represent surface focus events, and
amplitudes are adjusted so as to represent PcP at 400 distance.

The following characteristics are apparent: At low magnitudes, the detection rate drops
sharply with decreasing magnitude, whereas amplitude levels off in this range. At higher
magnitudes the detection rate levels off (at a rate less than 1) and amplitude increases with
magnitude, slightly above the theoretical amplitude for a spherical earth model. The latter
result is of course dependent on the actual model used (in particular, on the impedance
contrast across the core-mantle boundary),; the values shown here are for PREM.

The summary of PKKP detections at LASA (Fig. 2.2.2) displays similar characteristics.
The results are based on detections of the BC branch of PKKP in the distance range
between 80 and 1200, and the amplitudes are adjusted to a reference distance of 1000.
PKKP is an order of magnitude smaller than PcP, hence the PKKP detections occur for
larger event magnitudes. The PcP and PKKP detections at NORSAR are consistent with
the summary results for LASA, but detections do not extend to the same low magnitudes

11)



as for LASA, and there are less suitable events within 0O0 from NORSAR and hence less

PcP data for this an-a'.

Numerical simulations

Many of the detection characteristics of later phases can be understood as a consequence
of signal variations in the presence of noise. Rekdal and Doornbos (1992) simulated the
detection process under such circumstances and studied the effect on travel time residuals.
We have conducted similar experiments with the primary aim to explain the detection rate
and amplitude data (as displayed for PcP and PKKP). Signal variations are produced by
passing a seismic pulse through an aspherical structure. The aspherical part of the models
considered by Rekdal and Doornbos is confined to a region at or near the core-mantle
boundary. Our experiments are based on the same models, although for the present pur-
pose the source of signal variations is immaterial; it is only required that the variations are
of the observed order of magnitude. We use a simple detection criterion, and declare a
detection when the amplitude of the pulse exceeds a prespecified threshold that depends
on the noise level. In order to acquire a statistical basis for our results, we apply the detec-
tor to a pulse at one given epicentral distance, for 25 different realizations of the aspherical
structure. The differences are generated simply by "phase shifting", i.e., shifting the max-
ima and minima of the perturbations in structure. For the models considered here, the
resulting signal amplitude variations are up to about a factor of 5.

We scale the results in relation to a reference amplitude for the spherical model. In order to
present the results in a form comparable to the real data, we introduce a reduced magni-
tude scale, and (arbitrarily) identify zero magnitude with unit amplitude for the spherical
model. Finally we have to specify the noise level or detection threshold on this scale. The
examples shown in Figs. 2.2.3 and 2.2.4 are based on a constant detection threshold equal
to unit amplitude for the spherical model. Fig. 2.2.3 shows results for PcP at 600 epkientral
distance, where the aspherical structure consists of a laterally varying boundary layer at
the base of the mantle (model 2 of Rekdal and Doornbos, 1992). Fig. 2.2.4 shows similar
results for PKKP at 1000 epicentral distance, and the asphericity is here modeled by a iat-
erally varying core-mantle boundary at the point of underside reflection of the phase
(model 6 of Rekdal and Doornbos, 1992).

Detection rate and amplitude bias

Figs. 2.2.3 and 2.2.4 illustrate well some of the same characteristics as seen in the real
data: Toward low magnitudes the detection rate drops sharply and the amplitude levels off
to a value just above the noise level. Toward high magnitudes the detection rate levels off
to a constant value and log-amplitude increases in proportion to magnitude. However, two
differences with the real data should be noted: (1) The averaged amplitude of the synthet-
ics falls below the amplitude for a spherical model, and (2) the constant detection rate
equals I (i.e., all phases are detected), in contrast to the real data.

The relatively low amplitude average of the synthetics is probably due to our averaging
procedure. We averaged log-amplitudes, which is consistent with the usual assumption
that the amplitude distribution is log-normal (e.g., Vinnik and Dashkov, 1970). However,

II



inspection of the synthetic data reveals that their k•,itributi)on is not lo;,-normal; it appear:-

that for these data, averaging amplitude sqtuared (as a measure of energy) produces results
close to the values for a spherical model.

The difference in detection rate between the synthetics and the real data can be explained
by our choice of constant background noise level in the simulations. A reasonable alterna-
tive might be to assume that the noise level increases with event magnitude since in the
context of detecting later ar-ivals, "noise" is actualy) comprised of the coda of P. A limit
case is to adopt a model where the logarithm of coda level increases in proportion to mag-
nitude, The detection rate will then go to a constant less than 1, and the accompanying
amplitude average will be biased upward. For the purpose of estimating this bias we
assume, guided by the real data, a final detection rate of 50%, i.e., log rate = -0.3. For our
PcP model this detection level would be reached for a reduced magnitude near 0.15, and
the amplitude bias would be about 0.15 log-units (-40%). For the PKKP model, a detec-
tion level of 50% would be reached for a reduced magnitude near 0.25. and the associated
amplitude bias would be about the same as for PcP, i.e., about 40%, It remains to be inves-
tigated how representative these values are for different models of signal variation.

D.J. Doornbos
T. Rekdal, Univ. of Oslo
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Fig. 2.2.1. Detection and amplitude statistics of PcP at LASA. Epicentral distance range is
20-60'). Number of detections (0), detection rate (o), and averaged amplitudes in nm
(--), s a function of event magnitude. All data in log-units. The dotted lines suggest
trends in the data. The solid line represents the PcP amplitude for a spherical model
(PREM).
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16



2.3 Visualizing seismic wave propagation in complex media

Synthetic seismograms may provide a better understanding of wave propagation in com-
plex media. In a previous contribution, we have presented a novel scheme for computing
2D synthetics based on the elastic wave equation. Its numerical solutions are obtained
using finite-difference (FD) techniques (tlestholm et al, 1992). Recently, the above
scheme has been generalized to models with free surface topography (Hestholm and
Ruud, 1993). In this contribution we demonstrate the usefulness of synthetic seismogram
analysis to elucidate wave propagation in the crust and mantle lithosphere.

Scattering representation of the lithosphere

Traditionally, the earth is often modelled as a simple stratified medium, each of the layers
having constant physical properties. Seismograms fi-om these models tend to match the
gross features of observational records but lack the variations in amplitude and travel time
and coda waves accompanying major arrivals. These features are symptomatic of scatter-
ing from small-scale changes in velocity and/or density that depend an the size, distribu-
tion and magnitude of the heterogeneities. For a better understanding of high-frequency (>
1 Hz) seismic wave propagation in the lithosphere structural system, realistic models must
include small-scale inhomogeneities. In contrast, the class of ray tracing synthetics for
crustal models even with many layers does not contain the coda-scattering wavelets typi-
cal of all observational records.

In the literature on seismic wave scattering, heterogeneous media are commonly described
in terms of a few physical parameters like thickness of the scattering layer, heterogeneity
correlation distance a (in case of spatial anisotropic correlation functions ax, a,) and heter-
ogeneity fluctuation (RMS). We may limit fluctuations to either velocity or density and
also introduce corrugated layer boundaries. In our models, the preference was for 2D von
Kiirmiin inhomogeneous media realizations due to their versatility. For example, with
proper choice of the order parameter 'u we can generate both exponential and self-similar
inhomogeneous media models (Frankel and Clayton, 1986; Toks~z et al, 1988; Charette,
1991) as well as intermediate types. Also, I D von Ktirmain realizations proved convenient
for generating topography and corrugated Moho interfaces.

The basic model parameters are a crustal thickness of 35 km, and with a constant velocity
gradient both above and below the Moho, as illustrated in Fig. 2.3.1. P- and S-velocities
are related through the Poisson's r'ati ) of 0.25, and model densities are calculated from the
P-velocities via Birch's (1961) law. lI our calculations of synthetics, the above basic
model has been perturbed in various ways (Table 2.3.1). An example of a model realiza-
tion is shown in Fig. 2.3.2.

Elucidating wave propagation in a complex lithosphere

From the above model section we have that the number of potential complex lithosphere
models are legio. However, to get a proper understanding of the relative contributions
from the various parts of the lithosphere to the seismogram we need to isolate these contri-
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butions. We have achieved this by computing synthetics for models with increasing struc-
tural complexities using a laterally homogeneous lithosphere model as a reference. The
synthetics here are depicted in Fig. 2.3.3 for both P- and S-sources (pure divergence and
curl sources, respectively, see !-estholhn et al (1992) for details), and the seismograms here
are rather simila. to those obtained using ray-tracing techniques. The next steps, while
retaining large-scale structural features, were to perturb the Moho interface and then to
introduce free surface topography. The results here are displayed in the form of synthetic
seismograms (Fig. 2.3.4, Moho corrugations) and snapshots at 20 sec t Fig. 2.3.5, topogra-
phy). Obviously, Moho corrugations do not contribute much towards seismogram com-
plexities, not at least a few kilometers away from this boundary. On the other hand, free
surface topography contributes significantly towards coda excitation in terms of efficient
P-to-Rg scattering. A non-flat surface will also affect the P-slowness measurements. A
smoothed version of the NORESS siting area topography could account for about half of
the observed anomalies for this array. Note that topography models (I D von Knrmdn real-
izations with order 1.0 and ]O km conelation distance) with RMS exceeding 200 m are
difficult to handle numerically (Hestholm and Ruud, 1993).

The next steps in ouw analysis were to introduce velocity perturbations in either the mantle
lithosphere or in the crust. The corresponding synthetic seismogramrs are presented in
Figs. 2.3.5 and 2.3.6, respectively. A remarkable feature in Fig, 2.3.6 is the relatively
strong Pn- and Sn-phases. The velocity perturbations of the medium (a, = 10 kin; az= 2.5
kin) are seemingly very efficient in scattering energy from the sub-Moho Pn wave up into
the crust. Moreover, P-coda comprises mainly P-to-P scattered wavelets from the mantle
lithosphere. For the inhomogeneous crust symnhetics i Fig. 2.3.7) a rather dramatic effect is
the strong smearing of the major phases having their propagation paths within the crust.
The extent of waveform deformation is obviously proportional to the path length. As
usual, the P coda consists mainly of P-to-P scattered wavelets. P-to-Rg scattering is not
very efficient since the free surface is flat, although our models have a low-velocity layer
in the top crust as indicated in Fig. 2.3.1. From semblance analysis (these results are not
shown), we have that the S-coda is dominateu by S-wavelets with average, apparent
velocities in the range 4.0-4.5 km s1. S-waves efficiently convert to P-phases by reflection
at the free surface, but regarding scattering from velocity perturbations P-to-S conversions
aipp•ar milore efficient than S-to-P, in agreelnent wvith theorN (Aki, 1992). llowever, since
I- tio-S scattering is illost efficient for sca.terpil an les around90 e•1 i, the P-coda is almost
devold (0 S-wavelets.

Snapshits for a model where the entire lithosphe;e hs, iankmloni/id % velocity perturbations
are shown in Fig. 2.3.8. The lapse times are 20 sec.,. hile the S-souim e depths are at 2 and
20 kmi, respectively. A comparison with Fig. 2.3.5 (bottom) convincingly demonstrates
the profound smearing effect small-scale structural heterogeneities have on the seismo-
gram even tor shoii propagation distances of a,,ound 100 kim. Also striking is the effect of
focal depth at least for models with a positive velocity gradient in the crust. In other
words, for a shallow source, a consideiable amount of the signal energy becomes trapped
in the uppermost crust. From semblance analysis of the synthetics (results not shown), we
have that the S-coda consists mainly of P-to-S and S-to-S scattering ýkavelets. Some Rg-
ý avelets were also found in the S-coda. presumably reflectin: S-to-Rg scattering from the
t(opogrýiphic hills in the model used. This in turn confirms the •h.,ervational results of
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Gupta et al (1993) stemnining from f-k amI s~s ot locail ecnt recordnL!m at NttRSAIR. 'I he

same sinearin effect as seen for S-waves (1:ig. 2.3.8) ",as found tor t'-waves (not shown).

Discussion

Our basic lithosphere model in Fig. 2.3.3 is simple, essentially a single Liver over a halfs-
pace. A drawback in our analysis is that tinite-difference synthetics are computationally
demanding, thus limiting us to 2D models. A practical consequence of this is that 21) mod-
els may give a somewhat simplified picture of the wavefield compared to seismic waves in
the real earth, which is 3D. Anyway, perhaps most important is that our synthetics share
dominant wavefield characteristics with seismnograms stemming fiom real recordings of
local events. For example, for inhomogeneous models (e.g., see Figs. 2.3.7 and 2.3.8), the
coda excitation relative to the amplitudes of major P- and S-phases is roughly similar to
that in real recordings. Likewise, the P-coda consists mainly of P-wavelets, and the S-coda
dominantly of S-wavelets. Some P-to--Rg and S-to-Rg scattering can be found in the P-
and S-coda, respectively, in case of rough surface topography. The mentioned smea,, ng of
the major P- amid S-ph:ises is also seen in real records. A practical consequence is that cau-
tion should be exercised in reporting weak secondary phases. Also, the multilayered later-
ally homogeneous crustal models commonly derived from refraction profiling
experiments could probably often be substituted by a simple crustal model with small-
scale random velocity perturbations.

In the synthetic seismogram exercises described here, we also included an analysis of the

teleseismic coda excitation. This was achieved by placing sensors at a depth of 100 km
(details in Fig. 2.3.1 ). The outcome here was that coda could not be generated in the
source area to the extent seen in the teleseismic coda records (Bannister et al, 1990). Fur-
ther support of this conclusion comes from the fact that S-to-P scattering appears to be
weak as demonstrated in the previous section.

Finally, a more comprehensive presentation of the woik reported here will appear in a
forthcoming paper by ttestholm et al (1993).

E.S. llusebye
B.O. Ruud, Dept. of Geology, Oslo University
S.0. Hlestholn, tiSAM Hergen Environmental Sciences and Solutions Centre
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Model Source Free Surface Moho Crust/Upper Mantle I Remarks

(P/S) Depth V a rms v a rms v a. ; rms

-- (kin) (kin) (km) -- (kin) (km) -- (kin) (kin) (9%)

-Mod- 1 ... 0.5 10.0 1.0 03 10.0 2.5 30 f-i: 232

Ml2] P/S 20 -. .. .. HI:g 2,3.3
M 3 P/S 20 .. .. .. 0.5 100.0 20 30..g 23 4

Mod 4 P!S 20 I I0 0.2 0.5 30ý0 1.0 . 0 . 5 Fig 2.35

Mod 7 S 20 . 100 02 -- - -- 0.3 100 25 3.0 1ig 2.3 6

Table 2.3.1. Listing of crust and mantle lithosphere parameters, supplementary to those in

Fig. 2.3.1, for various models used in analysis. The Free Surface, Moho and Crust/

Upper Mantle columns give 1D and 2D von Kdir-min mediumn parameters, namely

the order u, the correlation d;';tance a (2D: ax and az). and the RMS level (kin) and
velocity (per cent) perturbations. The rightmost column gives the figure numbers
where the col-esponding synthetics or snapshots are displayed.
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.',v'( • . FREE SURFACE
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7.0km s: / 1 _Z 8.0b kmn s"1
8.0km S MOHO: FLATORIDvonK (v •.5; a 1km, a 10km) Z

S_150km ,," k,

BLOCK SIZE: 150 x400 km 2  CLUSTERS OF 6 SENSORS (Z/R..8 km) AT:

S/P SOURCES AT: x = 75km, z =2&20km z = 0; x = 165, 205, 245, 285 & 325 km

GRID SAMPLING =.2 km z = 100; x = 85, 125, 165, 205 & 245krn

Fig. 2.3.1. The class of crust and upper mantle models used in our generation of 2D finite
difference (FD) synthetic seismic records. Specific model choices exclusive layer
thicknesses and crust and upper mantle velocity gradients are detailed in Table 2.3.1.
Both vertical (Z) and horizontal (R) component seismograms are extracted at 5
groups of 6 sensors each at the free surface and at a depth of 100 km. The grop sen-
sor spacing is 0.8 km and further configuration details in the lower right box. Block
size and source positions are detailed in the lower left box. Note that the minimum
horizontal distances between the source and the closest sensor grouping (AO) are 90
km (surface) and 10 km (100 km depth).
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P-velocity (km/s)
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Fig. 2.3.2. P-velocity fUt~UitutionS in the crust and tupper mantle for a 40) x 100) km 2 subset
of the basic model shown in Fig. 2.3. 1. These are realizations of an inhomogeneous
mediumn without (ax = a7  10 kin)and with so-called spatial anisotropy with a,, 10
km and a7 = 2.5 km. Further details are given in Table 2.3.1 (Mod 1). Typcial model
features are a top crust low velocity layer, the black rim in the figures, and a conlu-
gated Moho of enhanced visibility due to the velocity jump across the interface.
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Fig. 2.3.3. The P- and S-source synthcilc seismograms (Z-components) shown in a) and
b), respectively, are for a homogeneous medium, that is, Model 2 in Table 2.3. 1.
Common features are a source depth of 20 km and that only the first sensor trace
from each of the 5 clusters at the surface are shown (details in the lower right box in
Fig. 2.3. 1). These synthetics, including phase designations, are similar to those gen-
erated by ray tracing techniques -- sharp and clear without coda wavelets. Adding
figures a) and b) would give synthetics similar to those stemming from an earth-
quake source (except for radiation pattern).
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a) P-source
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Fig. 2.3.4. P- and S-source synthetics in a) and b). respectively, for a laterally homoge-
neous model but with a corrugated Moho (Molel 3 in Table 2.3.1). A comparison
with Fig. 2.3.3 gives that Moho undulations conLribute little to the free surface coda
(Z-componentQ. This also applies to the S-waves which dominate wavelengths close
to those of the Moho undulations. As before. AO ... , EO ale first sensors in each clus-
ter at the free surface; horizontal spacing in the lower right box in Fig. 2.3.1.
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Vertical particle velocity
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Fig. 2.3.5, SM'P'Jhot dispflay'. alt alapse, unme t1 2()sec fo~r P- and S -wouces, at 2(1 kmn depth
and embedded in a unperturbed icki urn \kith at corrugated M01 lihlad free Surface
topography (ModelI 4 in'Table 2.3.1 ), L en fbr Such at simple source and medium,
the corresponding waveflelds are qutite Culmplev, in order to flaci itate their interpre-
tations, maJor tip-going phases ite label lcd. D'awn- going refections I'rom the free
su iface are nlot martik-ed due to at lack of ai specifi~c nomenclature here for local d is-
MaflCCS. The effci eiencs of fP-to- Rg OCMI nI erS ionl a he surfiIce Is (I)-,iotis and appears
as, a grey/'white handinj! in the top crusýt.
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Fig. 2.3.6. P- and S-source synthetics in a) and b), respectively, for a laterally homoge-
neous model except that the upper mantle velocities are perturbed (Model 5 in Table
2.3. 1). In comparison to Fig. 2.3.3 the crustal phases are little deformed, while the
Pn and Sn phases on trace EO are strong and appear to be "'shifted" approx. I sec in
time. The most striking feature is the relatively strong coda reflecting first order
back-scattering contributions from sub-Moho inhomogeneities. The P-coda (until
the first S-anrival) consists mainly of P-wavelets and then S-wavelets dominate.
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Fig. 2.3.7. P- and S-source synthetics in a) and b), respectively for a laterally homoge-
neous model except that the velocities in the crustal part are perturbed (Model 6 in
Table 2.3.1 ). In comparison to Figs. 2.3.3 and 2.3.6. the crustal phases like Pg and
SV (Lg) are strongly deformed. Also, b) demonstrates why Sn-phases relatively sel-
dom are reported: they are simply lost in the P-coda.

28



Vertical particle velocity

-4000 -1000 0 1000 4000

100 120 140 160 180 200
0 0

-20 -20

-4CO -40
100 120 140 160 180 200

-20 -20

-40 4

100 1 20 140 160 180 200

F~ig. 2.3.8. S na pshot d(isp)la ys at aI apse t im cf )t20 NeCL AMode 17 i n Table 2.3. 1 for S -
sources at depths of 2 (top and 2) km bontion. hin coflparison to 11g. 2.3.5 (bottom
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surface -- where the sCismonleters ae located. or the skhzi b. source (mtp) rel-
tiMly nuch wave ene-rgy is c2 )l ined unTo YTe topcust.



2.4 Status of development of the Northern Europe Regional Array
Network

Data from the Northern Europe Regional Array Network have formed the basis for much
of the research reported on in this contract, and it should be of interest to sumnmarize the
current status of development of this network.

As of November 1992, the configuration of the network is as shown in Fig. 2.4.1. The six
small-aperture arrays contributing data to the NORSAR Data Processing Center at Kjeller
are the NORESS and ARCESS arrays in Norway, FINESA in Finland, GERESS in Ger-
many, as well as the newly installed iauays at Apatity on the Kola Peninsula of Russia, and
near Longyearbyen on the Arctic island of Spitsbergen. Details on the latter two arrays are
given in the following.

A new small-aperture array near Apatity, Russia

The scientific cooperation between NORSAR and the Kola Science Centre of the Russian
Academy of Sciences started in June 1991 with the installation of a digital, high-quality
three-component seismic station in Apatity on the Kola Peninsula of Russia. This cooper-
ation was considerably expanded through the installation during the summer and fall of
1992 of a dedicated full duplex 64 kbps satellite link between the Kola Regional Seismo-
logical Centre (KRSC) in Apatity and NORSAR at Kjeller, several Sun workstations for
data acquisition and analysis as well as a three-component broad band station at KRSC,
and a small-aperture array outside Apatity.

The Apatity station was installed in September approximately 17 km to the west of KRSC
in Apatity, at the location indicated in Fig. 2.4.2. The geometry of the array is shown in
Fig. 2.4.3. The instruments are placed on two concentric rings plus one in the center, and
the aperture is approximately 1 km. All sites are equipped by a short period vertical seis-
monieter of type Geotech S-500, and the site at the center of the array has in addition two
horizomal selsmometers of tile same tyl)c.

The data from the new array are digitized at the central array site and then transmitted via
three radio channels to Apatity where a NORAC array controller (Paulsen, 1992) collects
and timetags the data. The digitizers used are of types Nanometrics three-channel RD-3
and six-channel RD-6, which are both 16-bit converters with gain ranging. Short-period
data from the nine vertical sensors of the array are sampled at 40 Hz. Data from the three
scisnionieters at site AO are sampled at 80 Hz, thus providing a high-frequency three-com-
poIeMt station integrated with the array. The seismic data from the vertical sensor at site
AO are thus sampled both at 40) Hz (and used in the processing together with the vertical
sensors of the A- and B-rings) and at 80 liz (and used as part of the high-frequency thee-
component station). The three-component broad band seismometer installed on the pier of
the basement of the building of the KRSC in Apatity is of type Guralp CMG-3T, and the
data are digitized using at Nanometrics RD-3 digitizer. Timing is provided throughout the
systei, on the basis of reception of GPS signals.
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Fýig. 2.4.4 sho\ .s the current configuration of the dla ,t cqouisitli o and ana.,lysis sy:.tciil at

the KRSC. The figure shows the local Ethernet establis.hed, the NORAC array controller
that receives data from the four digitizers, three Sun Sparcstations (kan, imandra and umb)
and a Sun X-terininal, and the Cisco router that provides the gateway connection to NOR-
SAR via the dcdicated .satellite link. ll)I1 is the satellite indoor unit contai ni::: t,*ic 11)(d2n1
and otfier cumintnicatumns elU i pntent. Tlhe system described in iFig. 2.4.4 allows the staff
at the KRSC ti perform on-line processing as well as interactive analysis of the data
recorded at Apatity. Using the satellite link, all data recorded at NORSAR from the other
arrays of the network can also be retrieved by the KRSC personnel.

The overall picture related to the Apatity developments is given in Fig. 2.4.5. It shows that
the data acquired in Apatity and retrieved via the NORSAT B satellite link are made avail-
able to the Intelligent Monitoring System (IMS) at NORSAR. Additional details on the
Apatity developments can be found in Mvkkeltveit et al (1992).

Preliminaiy analysis of data from the new Apatity array has been conducted by Ringdal
and Fven (1992). They conclude that the Apatity array is at least as efficient in suppresing
noise between I and 5 Hz as the corresponding NORESS subgeometry. It thus appear,, that
the spatial noise characteristics at Apatity are similar to those found in other areas of Fen-
noscandia and the Baltic Shield. They also conclude that the Apatity array has a higher
noise level than ARCESS at firequencies above 2 Hz, whereas the noise levels are similar
at lower frequencies. On the other hand, they find that the noise level is considerably
lower than that of the station located at the KRSC in the town of Apatity.

A new small-aperture array on the Arctic island of Spitsbergen

A small-aperture array very similar to the Apatity array described above was installed on
the island of Spitsbergen (Fig. 2.4.1) during late October/early November 1992. The
implementation of this array was supported financially by Oljeindustriens Landsforening
(OLF), which is an association of oil companies taking part in oil exploration and produc-
tion on the Norwegian Continental Shelf. The establishment and operation of the commu-
nications channels needed in order to integrate the Spitsbergen array data into IMS is
supported by DARPA.

A suitable location for the Spitsbergen array was found during a site-selection survey in
August 1991. The site is located on Janssonhaugen in Adventdalen approximately 15 km
east-southeast of Longyearbyen (see Fig. 2.4.6), which is the largest Norwegian settlement
and also administrative center on the island. Janssonhaugen is a hill in the middle of a val-
Icy (Adven tlkalen), and the array is deployed on the platcau of this hill. The rocks at the
site are of Cietaceous aag, covered by thin moraine of variable depth. The sensors are
placed at the bottom of 6 In deep cased boreholes. The bottom of the boreholes are either
in Cretaceous rock or iin morainle material in stable periafirost conditions (temperature
approximately -5(C all year round at a depth of 6 mn, such that there is no melting/freez-
ing taking place at this depth.

The geometry of the Spitsbergen array is very sinilar to that of the Apatity array. Nine
Sensor sites distributed over an array aperiure of approximately I km are equipped with
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short-period vertical seismometers of type Geotech S-500. A broad band three-component
seismometer of type Guralp CMG-3T is planned for installation in 1993. Power at the
Spitsbergen array is provided through the use of two windmills which deliver 12 V DC
through a battery bank. Data from two Nanometrics RD-6 digitizers located at the array
site are transmitted over two radio links to Longyearbyen, where the data are entei zd into
a NORAC array controller. From Longyearbyen, the Spitsbergen array data are transmit-
ted via a terrestrial link to Norwegian Telecom's satellite hub station at lsfjord Radio, from
where a simplex 64 Kbits/s satellite link is used for transmission of continuous data to
Norway.

Data processing using the IMS

IMS (Bache et al, 1990) was installed at NORSAR in December 1989 and was operated at
NORSAR from I January 1990 for automatic processing of data from ARCESS and
NORESS. A second version of IMS that accepts data from an arbitrary number of alrays
and single 3-component stations was installed at NORSAR in October 1991, and regular
operation of the system comprising analysis of data from the 4 arrays ARCESS, NORESS,
FINESA and GERESS started on 15 October 1991. As opposed to the first version of IMS,
the one in current operation also locates events at teleseismic distance.

The overall performance of IMS is very satisfactory. In order, however, to achieve further
improvements to the IMS, NORSAR analyst and seismologist staffs are involved in evalu-
ating the performance of IMS when new versions of IMS are released by SAIC, the sys-
tems developer. Such evaluations focus on the perforrnance of the automatic phase
association and event location algorithms used and make use of several independent bulle-
tins.

The integration of data from the Apatity array in IMS has been rather straightforward. The
seismic wave propagation characteristics in the areas around this array are similar to those
found in other parts of Fennoscandia, and it has not been necessary to implement specific
"rules" for this array in order to achieve reasonable performance . On the other hand, the
integration of data from the Spitsbergen array is expected to presented interesting seismo-
logical challenges, as this array is located in an area of much younger geology than the
other five arrays.

S. Nlykkeltveit
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Fig. 2.4.3. Configuration of the new Apatity small-aperture array.
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the loca~tion of the array site at Janssonhaugen (J), the location of the array controller
at Nor-weg-,ian Telecom's facility at Longyearbyen (L), and the location of the NOR-
SAT B earth station at Isfjord Radio ( IR).
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2.5 Summaries of Quarterly "echnical Reports submitted

During FY92, three quarterly technical reports have been submitted on this contract. The
abstracts of these papers are given in the following.

2.5.1 Continuous seismic threshold monitoring of the northern Novaya Zemlya
test site; long-term operational characteristics -- T. Kvawrna

In this work we demonstrate the practical capability of the Continuous Seismic Threshold
Monitoring method to monitor the northern Novaya Zemlya test site at a very low thresh-
old over an extended time period, using data from the Fennoscandian array network
(NORESS, ARCESS and FINESA). We show that during February 1992 the network
based magnitude threshold, at the 90% confidence level, stays below mb = 2.50, 99.72%
of the time. We further "explain" all peaks in the network magnitude thresholds exceeding
mb = 2.6 as resulting from interfering signals from an identified seismic event (telesei.mic
or regional), or a short outage of the most important array (ARCESS). We also argue that
this implies that at the given confidence level, there has been no seismic event of mb > 2.6
at the northern Novaya Zemlya test site during February 1992.

During nonr,;,a conditions, i.e., when the network threshold is low, ARCESS is clearly the
most important array, followed by NORESS and FINESA. But during time periods when
the ARCESS noise level is high, or when there are interfering events, the relative contri-
bution of NORESS and FINESA increases significantly. The redundancy resulting from
the use of several arrays is also essential during outages of one or more of the arrays.

The threshold magnitudes for each array during background noise conditions are close to
normally distributed, at least within shorter time intervals. Small deviations from the nor-
mal distribution occur because of long-term fluctuations in the background noise level.
The average magnitude thresholds at FINESA exhibit strong weekly and diurnal varia-
tions. The latter are particularly significant on workdays. The average NORESS thresh-
olds show rather small variations, whereas at ARCESS, large variations of more than
0.5 mt, units are observed. The causes of the peak periods at ARCESS are most likely
severe wind and weather conditions.

2.5.2 Continuous Seismic Threshold Monitoring - F. Ringdal and T. Kvarna

Continuous threshold monitoring is a technique for using a seismic network to monitor a
geographical area continuously in time. The method provides, at a given confidence level,
a continuous assessment of the upper magnitude limit of possible seismic events that
might have occurred in the target area. Two approaches are presented in this paper.

Site-sJ)ecific threshold moitnt4irintg: By "focusing' a seismic network on a specific target
site, continuous threshold monitoring of that site is achieved. We optimize the monitoring
capability by tuning the frequency filters and array beams to known characteristics from
previously recorded events at the site. We define the threshok mtrace for the network as the
continuous time trace of computed upper magnitude limits of seismic events in the target
area, at a 90% confidence level. As an example, we have conducted a one-week monitor-
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ing experinment of the northern Novaya Zemlya nuclear test site, uing the Fennoscandian
regional array network (NORESS, ARCESS, FINESA). We find that the threshold trace is
below mnb= 2.5 more than 99% of the time. Thirty-four peaks exceed in) = 2.5. All of these
peaks conespond to seismic events that have been independently located by a teleseismic
oi- regional network. During the entire one-week time period, the threshold trace excCeded
Inb" 2.5 only for 43 minutes.

Regional 1hrcshohl moniforing: This invwlves conducting site-specific 111011i toring of a
dens.,e grid of geographlial aiming point.,, and requires the development of generic phase
attenuation relationships for covering an extended geographical region. Using again the
Fennoscandian regional array network, we illustrate the regional threshold monitoring
approach by maps with color contour displays. We demonstrate that the network thresh-
olds in Fennoscandia and adjacent regions show strong regional dependence. The thresh-
olds are below mi = 0.5 close to each array (< 300 kn distance) and range from i, = 2.0
to 2.5 in parts of the Norwegian Sea and Barents Sea. The thresholds also vary signifi-
cantly under different background noise conditions, and an increase of about 1.0 mi, units
is observed during at large teleseismic earthquake. These regional threshold map, ,
advantages over standard network capability maps in being more accurate during time
intervals when inteifering seismic events occur. They can also more easily reflect special
conditions such as particularly favorable source-station propagation paths, and have the
advantage of not being tied to specific event detection criteria.

The paper concludes that continuous threshold monitoring offers a valuable supplement to
traditional seismic techniques used in nuclear test ban monitoring. The method may also
be useful for monitoring earthquake activity at low magnitudes for sites of special interest,
as well as for monitoring earthquake aftershock sequences.

2.5.3 Mining explosions in the Khibiny Massif(Kola Peninsula of Russia) recorded
at the Apatity three-component station -- S. Mykkeltveit

This report offers a description of the three-component seismic station that was installed in
Apatity on the Kola Peninsula of Russia in June of 1991. Data from this station are useful
for studying mining explosions in the nearby Khibiny Massif. Colleague,. at the Kola
Regional Seismological Centre in Apatity have provided us with detailed information on
200 mining explosions undertaken during June 1991 - September 1992, and we have com-
piled a data base comprising data from 61 of these explosions. The data are used to esti-
mate the noise level at the Apatity station, and also for estimation of P-wave arrival
azimuths, using a broad band slowness analysis technique. Values foi the true azimuths
are available from informiation presented in this report, and the aziminuith residuals are
found to have a median value oft-7,06 degrees. A smnall-apeure array was installed close
to Apatity in the fall of 1992, and some perspectives foi- the future use of data from Apat-
itV are di•scu-sed,
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