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Abstract. During August 1979 a number of major shots
belonging to the FENNOLORA deep seismic sounding ex-
periment across Scandinavia were recorded at NORSAR.
The 42 sensors of the NORSAR array enabled us to exam-
ine both in-line and off-line features of the seismic signals
as the wavefronts swept across the seven subarrays. A least
squares analysis of the first arrival data indicate that the
upper mantle velocities under NORSAR are azimuth de-
pendent and vary from §-9 km/s laterally. The data can
also be used to infer approximate crustal thicknesses be-
neath shot points within 700 km.

A detailed analysis of the coda following the first arrival
onsets was made using various velocity filters and correla-
tion detectors to determine if any deterministic multiple
arrivals arising from sharp large-scale regional vertical ve-
locity gradients in the upper 300 km of the mantle were
present. No later arrivals which were coherent beyond a
few kilometers were found. We take this to indicate that
scattering particularly in the source and receiver regions
is of major importance in the generation of the seismic
coda.

Key words: Deep seismic sounding — NORSAR array —
FENNOLORA experiment — Crustal thickness — Crustal
heterogeneity — Scandinavia — scattering

Introduction

During the month of August 1979 a major long-range seis-
mic profile called the FENNOLORA experiment was
carried out across Scandinavia. Charges ranging in size
from 700-8,000 kg of TNT were fired at locations shown
in Fig. 1, where also the main line deployment of mobile
seismic stations is shown. Technical details of this experi-
ment in terms of shot point information, etc., have been
given by Ansorge (1981). In this paper the results obtained
from analysis of recordings made at the NORSAR array
are presented.

Most of the major shots (i.e., B, C, D, E, F, H, and
I in Scandinavia, PU1 in Poland and PU3 in the USSR)
were well recorded by the short-period sensors of

* NORSAR Contribution No. 322
Offprint requests to: R.F. Mereu

70°N

60°

50°

10° 20° 30°E
Fig. 1. Station and shot-point locations for the FENNOLORA
long range experiment. Also shown is a shot-point belonging to
the CANOBE experiment (CAN, Cassell et al., 1983), the location

of a presumed explosion (1) in the sea about 260 km due south
of NORSAR as well as the location of the NORSAR array

NORSAR. Shots at G, W, BW, S, PU2 and PU4 were
not detected. In order to improve the azimuthal coverage,
the recordings from one of the CANOBE (CAN) shots of
July 1980 (Cassell et al. in press, 1983) were also included
in this study. Altogether the NORSAR records presented
here cover the distance and azimuth ranges shown in Ta-
ble 1. The configuration of the 7 subarrays and 42 short-
period sensors making up the NORSAR array at the time
of the FENNOLORA experiment is shown in Fig. 2.

In most seismic experiments where portable instruments
are deployed, off-line coverage is not obtained. In this ex-
periment the two-dimensional areal extent of the whole
NORSAR array has enabled us to examine both the in-line
and off-line features of the seismic signals as the wavefronts
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Table 1. Shot point data and apparent velocities

Shot Distance Azimuth® Apparent Apparent
range range Pg velocity  Pn velocity
(km) (km) (km/s) (km/s)
D2 315- 375 87- 97 6.53+0.64 8.65+0.13
E1 360— 420 63— 69  6.2840.38 8.50+0.37
C1 415- 485 122-130  7.31+0.28 8.06+0.27
CAN 453— 515  219-225 6.63+0.22 8.08+0.14
B3 585- 665 149-155 6.28-0.14 8.384+0.24
F1 630— 695 34- 4 8.184+0.31
PU11 895- 972 136-141 8.38+0.20
H1 1,335-1,396 20— 22 8.144+0.19
11 1,335-1,396 20— 22 8.994+0.99
Complete 315-1,396 20-225 6.36+0.02 8.314+0.01

set

2 The azimuth values are from NORSAR to the sources

Table 2. Delay times and crustal thicknesses

Shot Distance to  Travel time Delay time  Azimuth
array center to array center (s) (degrees)
x (km) t(s) t—x/8.1

CAN  456.7 62.5 6.1 220.0

B3 616.2 83.1 7.0 150.0

C1 451.5 64.3 8.6 123.0

D2 364.0 53.3 8.4 87.6

E1 4143 60.1 9.0 62.3

F1 690.8 94.3 9.0 37.0

from different azimuths swept across each of the subarrays.
Because of the large number of widely spaced azimuths
which were used, this experiment can be described as a
large-scale fan-type one for assessing propagation charac-
teristics from a perspective generally different from that
of conventional in-line refraction profiles.

Data Analysis and Results

Record Sections

Record sections with normalized traces for each of the shot
points are presented in Fig. 3a—i. The sections are arranged
in order of increasing shot-point distances. The first arrivals
on all the traces, hereafter referred to as Pn, are upper
mantle waves, as the minimum recording distance was
316 km. The large, easily identifiable second arrival wave-
trains seen on shots D2, E1, C1, CAN, and B3 are crustal
Pg waves. More emergent Pg arrivals are seen for F1. Pg
is observed to 700 km, and is not detected on record sec-
tions PU11, H1 and I1 (distances beyond 900 km). It must
be emphasized that the symbol Pg as used in this paper
represents the guided body wave which travels through the
crust. It does not represent the refracted wave from the
basement layer which is normally observed to distances up
to 100 km.

Apparent Velocities and Crustal Thicknesses

Least squares apparent velocity determinations from first
arrival onsets of both Pn and Pg waves are listed in Table 1.
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Fig. 2. The seven subarrays of the NORSAR array at the time
of the FENNOLORA eyperiment. During the CAN shot, a six-
element mini-array termed NORESS of diameter less than 2 km
was in operation, substituting the 01B channels. NORESS is
located within subarray 06C and further information is given by
Mykkeltveit and Ringdal (1981)

When all of the arrivals were used together, i.e., the entire
distance ranges over which the phases are observed, appar-
ent velocities of 6.36 +0.02 and 8.31 4+ 0.01 km/s were found
for these waves. Since there is a positive velocity gradient
in the upper mantle, the Pn velocity just below the Moho
is probably closer to 8.1 km/s, with 8.31 km/s representing
an average velocity ‘sampled’ by rays penetrating to depths
large enough to reach distances up to 1,400 km. It is inter-
esting to note from the standard errors given that the appar-
ent velocities for the data sets from each of the shot-points
are very poorly determined and are scattered about in the
8.0-9.0 km/s range for Pn. Figure 4 shows a reduced travel
time plot for all the arrival time data. Clearly the poor
determinations of apparent velocity stem from the fact that
the observational points are scattered about in clusters with
littie evidence of alignment within each set. This scatter
of points indicates that the energy must have passed
through laterally varying structures before reaching the sta-
tions.

Another very significant observation of the points of
Fig. 4 is the fact that the clusters of points for Pg from
each of the shots all tend to line up along a straight line
indicating that the average nature (with the exception of
thickness) of the crust sampled by the Pg waves does not
depend on azimuth. It is well known that the Pg wave
is a sort of guided crustal wave trapped between the surface
and the large velocity gradient in the lower crust. Mereu
et al. (1977) observed an a echelon pattern in the Pg waves
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with short segments of these waves having relatively high
apparent velocities of 6.6-6.9 kmy/s, while the overall appar-
ent velocities were only 6.2 km/s. Our observations exhibit
similar features. Despite the fact that the overall apparent
velocity is 6.36 km/s, there are segments such as in the CAN
section and in the C1 section with apparent velocities well
over 6.50 km/s.

The clusters of points for the Pn waves are much more
scattered than those of Pg. The reason for this is probably
that the thickness of the crust, which significantly affects
the travel times of the Pn waves, does depend on shot point
locations. This is clearly seen if one compares the records

of the C1 shot of Fig. 3¢ with the CAN shot of Fig. 3d.
Both shots were at approximately the same distance from
the array, but the (Pg— Pn) times for the CAN shot are
2-3 s larger than the (Pg— Pn) times for the C1 shot. This
is a clear indication that the Moho under shot-point C
is much deeper than the Moho under the CAN shot.
Further comparisons on the variation of crustal thick-
ness with azimuth were obtained from a simple delay time
analysis of the observations. The CAN shot is associated
with a profile line running right into the NORSAR array
(Cassell et al., in press 1983), and the thickness of the crust
is found to be 28 km beneath this shot point. Now, adopt-
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ing the simplified assumption that the average crustal veloc-
ity beneath all shot-points as well as average upper mantle
velocity for all propagation paths (shorter than 700 km)
are equal, delay time differences arise from variable Moho
depths beneath the shot-points. For a fairly wide range
of upper mantle velocities, a delay time difference of 1s
corresponds to a variation in Moho depth of about 10 km.
‘Calibrating’ against the known CAN shot Moho depth
of 28 km gives crustal thicknesses of 37, 53, 51, 57 and
57 km for shot-points B, C, D, E and F, respectively. Uncer-
tainties of these estimates are mainly tied to possible lateral
variations in the Pr velocity. Variations in average Pn ve-
locity for paths to NORSAR by as much as 0.1 km/s would
contribute about 5 km to the Moho depth estimates for
these shot-points.

Signal Correlation

In order to obtain the fine structure of the upper mantle
it is necessary to identify and position fairly precisely later
arrival branches also. A detailed analysis of the coda follow-
ing the first arrival onsets was therefore undertaken using
various velocity filters, envelope analysis, and correlation
detectors to determine if any deterministic multiple arrivals
arising from large scale regional velocity gradients were
present in the upper mantle. No later arrivals, however,
were found that were coherent beyond a few kilometers.
The lack of coherency in most of the traces is obvious from
the records in Fig. 3a—i. Some idea of the correlation dis-
tance which was observed can be seen in Fig. 5, which illus-
trates the normalized individual traces of the CAN shot.
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This figure shows that the signals correlated very well at
the new NORESS subarray where the station spacing was
less than 2 km, but once the distances increased beyond
2 km as was the case for the other subarrays, the correla-
tions rapidly disappeared.

Amplitude Variations

The normalizing factors used for each trace in Fig. 5 are
given under the column labelled AMP. An examination
of the numbers in this column shows that large amplitude
variations by as much as a factor of 5 are observed within
one subarray. Compare for example trace 06C00 (AMP =
1034) with trace 06C0O4 (AMP=249). These two stations
were only a few kilometers apart. Similar large scale ampli-

tude variations were observed for the other shots. Another
example is shown in Fig. 6, where the unnormalized traces
of subarrays 01B and 02B for shot H1 are plotted in a
record sections with an expanded distance scale. The weak
amplitudes at station 01B04, the very large amplitudes at
station 02B02 and the double pulse at station 02B03 all
suggest that lateral structures beneath the arrays are focus-
ing and defocusing the energy as well as creating multipath
effects. Comparisons of the amplitudes observed at each
subarray for different azimuths confirmed, as was expected,
that the amplitude and attenuation effects were also very
strongly dependent on azimuth. This dependency is illus-
trated in Fig. 7 which shows areal views of how the ampli-
tudes fluctuate from station to station for two different
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shots. In this figure the sizes of the various points plotted
are directly proportional to the average amplitude measured
over a 4 window after the onset of the arrival. The measure-
ments were made on the envelopes of the signals. Similar
amplitude fluctuations were observed for the other shots.
The amplitude data for the Pn waves were also com-
pared with the corresponding data for the Pg waves. Figure
8 shows that rather distinct correlations exist for B3, C1
and F1, implying that local effects are amplifying and atten-
uating both waves together. In other cases such as CAN
and E1 this relationship is lacking. The relative amplitudes
of Pn and Pg for shot E1 is rather anomalous with the
Pg amplitude being much larger than Pn. A comparison
of Fig. 3a—) shows that the distance range of shot E1 over-

laps the ranges for shot points D2 and C1. The latter two
shots have approximately the same relative amplitude for
Pg and Pn. The effect is thus clearly an azimuthal effect.
It should also be noted that the source function for E1l
tended to have a ringing appearance which differed signifi-
cantly from all the other observations. A spectrum of E1

showed a very narrow peak at 3 Hz.

Apparent Pn Dispersion

Another interesting observation may be noted in Table 1
which shows that there is a large difference in the apparent
velocity of the first arrivals for H1 (8.14 km/s) from that
of I1 (8.99 km/s). This seemed very puzzling at first as the
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two shot points were only a few hundred meters apart
meaning that the travel paths were practically identical. A
closer examination of this problem revealed that this effect
arose because the spectrum of I1 had a much larger low
frequency 2 Hz component compared to that of H1. The
spectra of the 02B00 traces for these two shots are shown
in Fig. 9a and b. There is no doubt that the difference
in the spectral content is related to their respective charge
sizes. A closer examination of the record sections showed
that the higher apparent velocity for I1 came from the fact
that dispersion had taken place with the lower frequency
components arriving at the array about a second earlier
than the high frequency components. The amplitudes of
the 2 Hz waves from the H1 shot were not large enough

1
1500

to be detected and hence their first arrivals were later than
those of I1. It thus appears that the low frequency waves
have formed a shorter time path or were scattered less than
the high frequency components. The dispersion referred to
here is an apparent dispersion and not the true dispersion
associated with anelasticity.

Beamforming and Further Processing

A search of the record sections was made using convention-
al beamforming and adaptive processing methods to deter-
mine if any later arrival time branches could be identified
in the mantle coda. A typical example is shown in Fig. 10.
This figure illustrates how beams formed from the traces



126

**¥31JUL19B0*x CAN  06.00.00.37 57 36.4N 05 58.3F  825KG
SUBARRAY NOR42 SOURCE  HH1
DIST 453.09 KM AZH  219.87 START TIME 58.63 §
FILT(2.0-6.0HZ ORDERS S 5 [50 0 NORM
0 5 10 15 20 25 30 35
L[ e A S O L L L IS R S Vs i 0
SEIS  AMP  DIST  AZW
| ’ i " 01A01  1879.2 456.7 220.0
2 01A02 .0 456.7 220.0
3 01A03 0 456.7 220.0
4 01A04 -0 453.1 219.9
5 " VANt AArrts ind 01405 1833.1 454.9 219.5
6 AP A~ 01ADD  1502.7 453.1 219.9
7 AN IAAAMIANAARAA A A AN AN AR A A NORESS]  476-7  471.8 224.8
B WA A A AAAARARAAA A A AANAR AR A AAMAAN 2 528.5 471.9 22¢.8
9 WA A A AR AN WA ANAA AN A 3 606.0 471.2 224.9
10 A A A AN A A A RAA AR ARMA A AN AAA A 4 S63.1 470.9 224.8
A AAAAANAAAAA AN A AAAN AN A A eriran S 584.8 472.4 22¢.7
12 AN AWAPAARARAAAPARA AT AU IR AAA A AR, 0 529.5 471.9 224.9
19 W A A A poree  U2C01  943.4 497.5 216.4
20 " anen 02C02  1446.2 493.4 216.7
21 WA ~omsccoporrmsmsioess 02003 17278 489.8  216.4
22 i oo oA A 02004  1378.2 490.6 215.7
23 Y 02¢05 496.9 215.7
24 " N AAA A~ 0200 1495.4 493.3 216.1
25 VAN 03C01  1395.1 Sl4.6 219.9
26 i i Al 03C02  1530.6 510.3 220.1
27 . Aty " 03C03  2126.1 S506.0 219.6
28 Moot 03604 2377.6 509.4  219.0
29 Ao 09C05  18684.9 513.5 219.2
30 " ryoney 03C00  1860.7 510.7 219.5
31 WA AN A AN el 04C01 634.4 509.3 223.1
32 v AWM AM AV 04002 551.0 504.8 223.2
33 A y WA AAA Aoty 04C03  716.0 §02.3  222.7
34 A AA At A e DHCD4  427.3 505.1 222.2 . % .5
3% W 04C0S  661.2 508.8 222.4 Fig. 5. Seismic traces from the
g? oot w v A ety D4C00 5071 506.2 - 222.7 CAN shot. Note: The coherency
Al ; At 2 ; 06C0L  691.6 #75.0 224.5 :
7 TR Mo Seniecoieddomiaiocs, 1001 GOLE 7B 22t of the signals across the closely
39 oo PSRPPOYTIOVH WA AR e 06C03  747.0 467.1 224.8 spaced NORESS stations and
4 . . . . .
i oA R s g il R R how this coherency is destroyed
ANAMANAN ANAAA AN AN S AR AAR A . - .
2 Mmooy A T RS 06C00  1034.1 469.6 224.3 for the other subarrays
e = w . EE- R
g o - ] S & 8 Y 8
o @ @ = wea o=
2 &% g g & B B EE B
5 ] = & 8 LT &8 8
S g = g 3 g 8 8 338 8
(== —
S
¥ 3 & Bz = g oz g o Ee
7 i = & g § £ = 28 B
ik g - =1 =3 =1 o ==y - o oo o
o L
r w o
o~ = 4
+ i
w = 1
f g
=
b ]
= o
(o) [qV]
o ]
B s ]
~ 2 . ]
& oo
2,0
w w D. ]
T w o
a S
s g+ |
+ o
3 o« (|
od o —
e J
~ B
oy BB
I o B
@ ]
*
5 o
2 ]
fe3)
z 5 ] Fig. 6. Unnormalized record section for subarray
Y = - ; : ; . : ; 01B and 02B of the H1 shot
*
1365 1380

DISTANCE (KM)

from 3 subarrays 1B, 2B and 2C change as beamforming
velocities are varied from 7.6-9.6 km/s. No velocity creates
a well-defined peak in the beam amplitudes, furthermore,
because of large spatial aliasing effects in the coda noise,
even the Pg amplitudes were not attenuated when high ap-
parent velocities such as 9 km/s were attempted. Nth root
beamforming methods and adaptive processing methods

both gave spurious results. All of these techniques are effec-
tive only for low frequency coherent signals which are char-
acteristic of long distant teleseisms. The FENNOLORA
signals have a dominant frequency of over 4 Hz and are
thus much more sensitive to small-scale lateral inhomogen-
eities. These quickly contaminate the wavefront with the
obvious effect of lost coherency.
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In order to get around the spatial aliasing problem and
the incoherency problem, beams were also formed using
envelopes of the traces. Figure 11 shows that this method
is not sensitive enough to variations in apparent velocity
to yield useful information.

Discussion

In long range seismic experiments numerous arrivals or en-
ergy bursts are observable in the recordings and the FEN-
NOLORA scismograms in Fig. 3 are no exception in this
respect. However, only two P phases can be identified with
confidence, namely, the first-arriving Pn wave and Pg, the
latter out to a range of 700 km. Traditionally, there has
been a tendency among many controlled-source seismolog-
ists to associate secondary arrivals with multi-layered crust
and upper mantle models. Others have in general been
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BEAM 29 9.0 Fig. 10. Set of beams formed from
BEAM .24 9.1 traces of three subarrays (01B,
BEAM .30 9.2 02B and 02C) for shot C1.
BEAM .26 9.3 Amp=normalizing amplitude
BEAM .31 9.4 used to normalize the traces.
BEAM .22 9.5 Vel =apparent velocity used in
BEAM .20 9.6 creating the beams

opposed to the multilayering models on the grounds of
lack of objective phase identification criteria and the non-
uniqueness in association of the various arrivals. The validi-
ty of these objections has been demonstrated with the now
widespread use of seismogram synthesis as an analysis tool
in the interpretation of refraction data. In particular, multi-
layered models often to not account properly for the ob-
served amplitude distributions. We think that many features
of the NORSAR FENNOLORA records and specifically
the absence of clear secondary mantle arrivals can be attrib-
uted to wave scattering effects of small-scale heterogeneities
particularly in the crust both at the source and receiver
sides. The effect of such inhomogeneities on the amplitudes
is often much more pronounced than the amplitude effects
caused by possible regional discontinuities or velocity gra-
dients. Travel time fluctuations as well as amplitude fluctua-
tions lead to difficulties in measuring accurate apparent
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Fig. 12. Results from a sliding window frequency-wavenumber analysis of NORESS data from a presumed explosion in the sea at
a distance of 260 km, direction south. At the time of this explosion NORESS had 12 sensors (data is shown for one of these) all
within an area of 2 km diameter. Frequency-wavenumber analysis results in terms of phase velocity and azimuth for frequencies corre-
sponding to the peak power are plotted for data window lengths of 2.5s each, with time shifts of 0.6 s. The line in the azimuth
diagram shows the azimuth according to the epicenter solution by the Scandinavian network of seismic stations. The uncertainty of
this solution in terms of azimuth from NORESS may be as large as 5-10 degrees

velocities over a short distance even in cases where onset
times are well defined. Mereu and Ojo (1981) showed, using
numerical models of random media, that it is possible to
have breaks in the travel time curves even though there
may not be a discontinuity associated with that break. Their
study showed why deep seismic reflection experiments give

a different picture of the crust and upper mantle than the
long-range refraction experiments.

Now, in case of the NORESS array, with sensor inter-
spacings of the order of 125-2,000 m, even high frequency
signals ( ~4 Hz) are coherent. We therefore took the oppor-
tunity to demonstrate in practice our comments on the im-
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portance of scattering in the crust by subjecting an event,
a presumed explosion in the Kattegat (Fig. 1) with features
rather similar to a number of FENNOLORA recordings
at NORSAR, to frequency-wavenumber analysis. The
outcome of this analysis in terms of phase velocities and
azimuths is shown in Fig. 12. The Pn wave train results
imply that the various ray paths are mainly in the source-
receiver plane. The Pg phase exhibits quite different fea-
tures. This wave has been subject to strong scattering result-
ing in a rather weak, diffuse onset, while the relatively ener-
getic coda appears to be made up of Pg-type of waves
possibly reflected from the western ‘wedge’ of the Oslo
Graben (in view of the azimuth variations). The coda of
the Lg wave apparently also consists of significant scatter-
ing contributions.

Because of lack of correlation and presumed predomi-
nance by scattered waves we were unable as demonstrated
in previous sections to utilize techniques like beamforming,
envelope beamforming or adaptive processing methods for
decomposing the wavetrains in phase velocity/azimuth units
and thus facilitate the phase identification of even energetic
arrivals. This does not preclude the existence of discontinui-
ties in the upper mantle, but suggests that such contribu-
tions are rather insignificant in comparison to scattering
arrivals. Indeed, the existence of a rather complex litho-
sphere beneath the NORSAR array has been repeatedly
demonstrated in several studies based on a variety of ap-
proaches like random (Chernov) media modelling (Dahle
et al., 1975; Berteussen et al., 1975), deterministic modelling
on the basis of time and amplitude inversions (Aki et al.,
1977; Christoffersson and Husebye, 1979; Haddon and
Husebye, 1978) and inversion based on holographic princi-
ples (Troitskiy et al., 1981).

We have previously labelled the large difference in Pn
phase velocities as observed from shots H1 and I1 a disper-
sion phenomenon. A plausible explanation is that the Pn
path is slightly frequency dependent due to velocity gra-
dients or heterogeneities beneath Moho. From the work
of Mereu and Ojo (1981) it is not unreasonable to assume
that lower frequencies which do not ‘see’ small-scale heter-
ogeneities, form shorter propagation paths than higher fre-
quencies.

Rough approximations of crustal thicknesses beneath
the individual shot points can be inferred from the data
at hand. Our estimate of the Moho depth beneath shot
point B seems reasonable when comparison is made with
previous studies (e.g., Bungum et al., 1980), while crustal
thicknesses derived for C, D, E and F appear a bit excessive.
In order to reduce these values to the more ‘acceptable’
range 41-47 km, it is necessary to infer a difference in upper
mantle average velocities for paths to NORSAR by as much
as 0.2 km/s between the CAN and B shots on one side
and C, D, E and F on the other. Such variations are, how-
ever, larger than we would expect for the ray paths in ques-
tion (Husebye and Hovland, 1982), indicating that our data
point to larger Moho depths than hitherto conceived of
for these areas of Sweden. We can only await the results
from the FENNOLORA line for full assessment of the use-
fulness of NORSAR’s FENNOLORA recordings in this
respect.

Conclusion

Our concept of a rather simple Fennoscandian crustal/
upper mantle structure is not invalidated by NORSAR’s
recordings of the FENNOLORA shorts. We find that short
wavelength heterogeneities both at source and receiver ends
contribute significantly to the observed seismogram com-
plexities and tend to ‘mask’ the effects of possible large-
scale regional gradients. We recommend long range profil-
ing layouts to be supplemented with small arrays to check
the extent of lateral heterogeneities.
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