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Abstract. Deviations from theoretical, expected travel times are observed for
P signals crossing the array. These anomalies are presented, and some concern
is given to the effect of these on the event detection and location capability of the
array. Tests are made in order to find out whether or not these anomalies can be
explained as the effect of a depth varying Moho-discontinuity. It is found that a
dipping plane is able to explain 189, of the total variance of these anomalies. A
second degree polynomial interface may explain 219, of the variance, while a
third degree interface may explain 249,. The conclusion is thus that more com-
plicated models will have to be introduced in order to explain the bulk of these
anomalies.

Key words: Time Anomalies — Location Calibration — Crustal Structure —
Least Square Interface.

Introduction

It is well known that the observed time delays for signals crossing a
seismic array exhibit considerable deviations from the theoretically expected
values. Especially for LASA (Large Aperture Seismic Array, Montana,
USA) several studies have been made of slowness and travel time ano-
malies for the purpose of determining the local structure, as well as inhomo-
geneities in the lower mantle, f.ex., Chinnery and Toks6z (1967); Green-
field and Sheppard (1969); Glover and Alexander (1969); Mack (1969);
Zengeni (1970); Iyer (1971); Engdahl and Felix (1971); Davies and Shep-
pard (1972).

Also for other arrays there have been similar analyses, f.ex., Niazi
(1966); Otsuka (1966); Otsuka (1966a); Johnson (1967); Jonson (1969);
Corbishley (1970); Husebye ef a/. (1971); Brown (1973); Brown (1973a).
At NORSAR few studies of this type have been made: Noponen (1971);
Gjpystdal ez al. (1973). Recently a crustal model has been introduced where
wave scattering is caused by small variations in the index of refraction.
It is shown that this model is able to explain the large variation in the array
data (Aki, 1973; Capon 1974; Dahle, Husebye, Berteussen, and Christof-
ferson, paper in preparation).
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Fig. 1. NORSAR Arrav configuration. The geological structures in the siting
area are briefly outlined

In this paper the P-wave travel time and slowness anomalies observed
at NORSAR (60.82 N, 10.83 E) will be presented, and some attention will
be given to the effect of these on the event location and detection capabil-
ity of the array,

From other types of data the mantle-crust interface is found to exhibit
large elevation differences in this area (Kanestrom, 1973). The main ob-
jective of this paper is therefore to test whether or not the observed ano-
malies can be explained by either a plane dipping Moho-discontinuity or
a Moho which is a curved interface.

DT

NORSAR has 22 subarrays, each with 6 SP (short period) instruments.
The array configuration is shown in Fig. 1. For a more complete descrip-
tion of the array, the reader is referred to Bungum e a/. (1971).

Because of the time anomalies observed, extensive calibration files
had to be established in order to ensure good event location and detection
capabilities at the array. The data used in this study is the data which
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currently is used for this purpose at NORSAR. The data base has been
established by measuring subarray delays on a total of 149 events, all with
good signal-to-noise ratio. The delays are found by an iterative cross-
correlation procedure (Bungum and Husebye, 1971). Usually a 1.0—3.0 Hz
bandpass (third order recursive Butterworth) filter has been applied, but
on some of the events a 0.8—2.5 Hz bandpass filter is used. The difference
is, however, not believed to be significant in this context (Bungum and
Husebye, 1971). A good test of the stability of this method is to measure
delays on several events with the same epicenter. For example, for explo-
sions from the same test site it is found that the difference in measured
delays is of the order 4-0.02 seconds. For some areas where several events
are found close together, the anomalies have been averaged over 2—6
events in order to increase the stability further. The final data set consists
of 93 data points, where each point represents one single event or an aver-
age over several events.
The anomalies ate available in the form:

d’ij = (TOij - Tcij) - (Torj - Tcr].) (1)

To,; is observed delay for subarray i and seismic region ;.

T¢; is calculated delay for subarray 7 and seismic region j. The calcu-
lated delay is based on NOAA (National Oceanic and Atmospheric Ad-
ministration) epicenter solutions and a smoothed version of Herrins (1968)
tables.

70, (tc,) is observed (calculated) delay at the reference point. In
our case we use the average of the delays for this region.

Some of this data is shown as a function of azimuth in Fig. 2. Here as
in the rest of the paper only data from P-phases have been used. The smooth
curves are the sine approximations of the data and will be commented upon
later.

The values of the deviations are up to +0.7 seconds. When beamform-
ing the array such deviations would have a serious degrading effect on the
event detection capability if not corrected for. At NORSAR an interpola-
tion routine is used in order to find the correct delays for each point in
slowness space. The SNR (signal-to-noise ratio) gain from applying these
corrections has been calculated by analyzing 479 events randomly selected
in the period November 1972 until September 1973. It is found that 109,
of the events have a gain of 1.5 dB or less, 109, have a gain of 12.5 dB
or more, while the median is 6.8 dB. A median of 6.8 dB implies an im-
provement of 0.34 Mg units in detection capability.

In the calibration system at NORSAR these anomalies are actually
split in two. That is, through the 22 subarray delays is fit, in a least square
sense, a plane wavefront. This procedure does give a slowness and a direc-
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Fig. 2. Observed P wave travel anomalies as a function of (NOAA) azimuth.

The verrical axis goes from —0.5 to +0.5 seconds, while the horizonral axis

goes from 0 to 360 degrees azimuth. The smooth curve represents the best fit

to the sine approximation (Eq. (6)). Only values for 10 of the 22 subarrays are
included

tion of approach (azimuth) for the particular event. The location calibration
is now defined as the difference in slowness and azimuth between the
NORSAR solution and that predicted from the NOAA epicenter location.
On Fig. 3 the location calibration vectors for the 93 data points are plotted
in slowness space. That is, the tail of the arrow represents the slowness
and angle of approach measured at NORSAR, while the head of the arrow
represents the corresponding expected values based on the NOAA epi-
center solution. The effect of the calibration vectors on the location cap-
ability of the arrav has also been measured, and it is found that for P-phases
109, of the calibrations are greater than 1100 km and the median is 450 km.
For the period from April 1972 until March 1973 Bungum and Husebye
(1974) have reported a median location difference between NOAA and
NORSAR epicenter solutions of 145 km for P-phases, while the 909, level
was 490 km. Tt should also be noted that until 30 November 1972 an older
and less complete correction data base was in use. It thus is a safe statement
that without the calibrations the event location performance of the array
would have been 3 times worse.

Data Interpretation

As mentioned in the introduction, several hypotheses have been put
forward in order to explain the types of deviations described here. Mainly
they have been interpreted as the single or combined effect of lateral in-
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Fig. 3. Location calibration vectors plotted in slowness space. The tail of the arrow
represents the observed point, while the head represents the NOAA solution.
The contours drawn represent the world map as seen in slowness-space at

NORSAR

homogeneities at three different locations along the ray path. One, bending
of the ray at the source side of the path, explained as the effect of down-
dipping tectonic plates, two, bending of the ray at its deepest (turning)
point, and three, inhomogeneities in the crust and upper mantle at the
receiver side of the ray path. These last inhomogeneities have usually been
interpreted as a Moho interface which deviates from the horizontal plane.
More recently scattering caused by small random variations in the index
of refraction have been found to be able to explain a large part of the
anomalies observed at LASA (Aki, 1973; Capon, 1974). Such studies
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have also been performed at NORSAR (Capon and Berteussen, 1973),
where the conclusion so far is that the scattering in the upper mantle and
crust under NORSAR is too strong to be explained by the Chernov
theory (Chernov, 1960). Further studies on this subject are in progress
(Dahle ¢# al., paper in preparation).

The mantle-crust interface has been found to exhibit considerable
varjations in this area (Kanestrgm, 1973). An experiment has therefore
been made in order to find out how much of the deviations can possibly be
explained by a depth-varying intetface located somewhere in the crust or
upper mantle beneath NORSAR. To be more specific, this interface will
be given a reference depth of 33 km and the P-velocities below and above
this interface are set to 8.2 and 6.6 km/sec respectively. The aim is then to
find the depth varying interface which can explain as much as possible of the
deviations which are observed.

Only data from P-phases will be used. The deviations will be used as
presented in Eq. (1), except that the data will be averaged in intervals of
10 degrees in azimuth. This is to avoid that the cluster of events between
azimuth 0 and 90 degrees will have too much influence.

First we will test how much of these anomalies can possibly be explained
by a plane dipping interface. A plane wavefront crossing such an interface
may change slowness and angle of approach, but will still be a plane wave-
front. Therefore such an intetface cannot explain any of the wavefront
deviations. Using the formulae developed by Niazi (1966) it is possible
to calculate the change in slowness and azimuth on a given wavefront
when the parameters of the dipping plane are known. Note that in Niazi’s
papet cos(r’) on page 494 should be replaced by —cos(r’) once in Eq. (6)
and two times in Eq. (7) (in the equation for 7 and the equation for 7).

For a certain dipping plane, let dp;; be the travel time anomaly this
plane would cause at subarray 7 for seismic region j. The best plane is then
defined as the plane where the parameter

N M
R= -21 2 (dij—dpis)® @
=1 i=

has its minimum. NV =306, is number of seismic regions. (The data has been
averaged in intervals of 10 degrees spacing in azimuth.) M =22, is number
of subarrays d;; is observed travel time anomalies, dp;; is predicted travel
time anomalies.

By varying the dip angle and up-dip direction, the plane which gives
the minimum value of R has been found. This plane has an up-dip direction
of 94 degrees clockwise from north and the dip is 6 degrees. With another
velocity contrast the dip angle would of course change. (A contrast of
6.2/8.2 gives for example a dip angle of 4 degrees.) This dipping plane is
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Table 1. Table of coefficients for best plane, second degree interface and third
degree interface. Per cent reduction in mean squared deviations is also listed
for the three models

Model A B-103 C-103 D-103 E-103 F-10%8 G-106 H-1081-106 J-106 9,

Gain
Plane —33.0 90.4 22 17.9
2nd
degree—33.0 99.3 —7.9 047 —-2.0 0.3 21.4
3rd

degree—33.0 2229 13.1 0.003 —1.55 0.17 33. —13.5 —51.0 —3.9 24.3

able to explain 17.99, of the squared deviations (Row 1, Table 1). That is,
the parameter R (Eq. (2)) is reduced with 17.99, relative to the case where
dpy; is uniformly zero.

In this example the interface has been located at the crust-mantle bound-
ary. One is, however, completely free to locate it wherever one should
prefer. If, for example, for some reasons the upper mantle is found to be the
most likely place the velocity contrast would have to be changed, this
would change the dip of the plane, but the updip direction would still
be the same. What is most important is, however, that it is not possible to
explain more than 17.99, of the variance of the deviations wherever
the plane is located.

The equation for the plane used may be written

Z=A+B-X+C-Y 3)

The values for .4, B and C are given in row 1 on Table 1. Our coordi-
nate system is then centered in the array’s center with X-axis towards
east, Y-axis towards north and Z-axis upwards.

Since a dipping plane cannot satisfactorily explain the deviations, we
will go further and try a second degree interface. The equation for this is:

Z=A+ BX + CY + DX2 + EXY + FY? 4)

When the interface can be described in this way, ray-tracing is especially
simple and not very time-consuming on a computer. The procedure has
therefore been to vary all the coefficients in Eq. (4) systematically. For each
set of coefficients conventional ray-tracing has been applied in order to
find the deviationas this particular interface would give for our data points.
The best interface is then as in the preceding case defined as the interface
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Fig. 4. Depth contours for best 2nd degree interface, |’ = 6.6 km/sec, 13, =8.2
km/sec. The NORSAR array configuration is also included

where the sum of the squared differences between predicted and observed
deviations has been reduced to a minimum. The coefficients for this surface
are listed in row 2, Table 1. As also can be seen from Table 1, this interface
is able to explain only 21.49% of the squared deviations. The depth contours
for this interface are plotted in Fig. 4. Actually the parameter & in Eq. 2
showed up to be a very well behaved parameter with regard to the coeffi-
cients .1, B,...,F. Some other more efficient minimization procedures
could therefore probably have been used with benefit.

The next step was to repeat the above procedure except that this time
a polynomial of third order was used. The equation for this is:

4 = A 4BE 4 O PRy BEY+ FR 4+ X0

5
+ HX2Y L IXY? 4 JYs ©)
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Fig. 5. Depth contours for best 3rd degree interface. | = 6.6 km/sec, 1 5y =
8.2 km/sec

The coefficients for this interface are listed in row 3 of Table 1. This in-
terface is able to explain 24.39, of the observed squared deviations. The
contours for this are drawn in Fig. 5.

Travel time residuals for ordinary stations are commonly approximated
with the equation (Bolt and Nuttli, 1966; Nuttli and Bolt, 1969; Lilwall
and Douglys, 1969; Pavo, 1971).

d= A+ B sin(c-+¢) (6)

where o is station azimuth and the ‘early direction’ is (3/4 @7—¢). This has
been done also for the NORSAR travel time anomalies. The difference
from the more common situation is of course that we here are talking of
residual between stations instead of absolute travel time residuals. On Fig.
2 the smooth curve is the least squares approximation of the data to Eq. (6).
Before performing the approximation, the data as before was grouped and
averaged in intervals of 10 degrees in azimuth in order to avoid that the
cluster of data between 0 and 90 degrees in azimuth should have too much
influence.

The values obtained for -1, B and the ‘early direction’ are listed in
Table 2 for the case where only P-phase data have been used. In the table
are also listed the percentage reduction in mean square deviations by just
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Table 2. A, B and early direction for each subarray (see Eq. (6)). Only P-phase
data used. Model 1 gives reduction in mean square deviations by using only A4,
that is, by just subtracting the normalized mean deviations for each subarty.
Model 2 gives reduction mean square deviations by using the whole Eq. (6)

Sub. Name A B Early Model 1 Model 2
No. Direction Improve- Improve-
ment (%) ment (%)

1 01A —0.07 0.09 +-0.03 73 123 31.3 56.4
2 01B —0.05 0.06 +0.03 98 + 32 16.7 27.6
3 02B —0.09 0.11 +0.03 129 +18 39.0 61.7
4 03B —0.10 0.14 +£0.04 117 +-16 42.0 77.8
5 04B —0.08 0.16 +-0.06 98 +23 13.6 39.2
6 05B —0.10 0.06 +0.03 107 + 35 42.0 48.2
7 06B 0.02 0.03 +0.02 320 + 54 6.9 10.5
8 07B —0.01 0.10 +£0.04 356 + 24 0.2 24.3
9 01C —0.06 0.10 +0.06 308 + 38 5.9 13.0
10 02C —0.03 0.01 +0.05 26 4320 2.2 2.3
11 03C 0.06 0.01 +0.05 243 4+ 297 8.3 8.5
12 04C —0.05 0.11 +0.04 184 +21 9.5 27.9
13 05C —0.08 0.09 +0.04 184 427 14.8 26.0
14 06C —0.11 0.16 +0.05 110 +20 28.4 55.8
15 07C —0.14 0.06 +0.05 101 +58 31.2 33.8
16 08C —0.13 0.13 +0.04 137 420 36.2 53.8
17 09C 0.07 0.07 +-0.04 171 + 35 16.4 23.2
18 10C 0.22 0.12 +0.04 242 + 22 59.3 68.7
19 11C 0.28 0.11 +0.03 274 418 77.6 83.6
20 12C 0.26 0.24 +0.03 297 +8 66.7 91.4
21 13C 0.13 0.32 +0.06 313 +12 229 79.6
22 14C 0.06 0.16 +0.05 324 420 8.7 37.7
Total effect 33.8 51.4

subtracting the mean, corresponding to using only.4 in Eq. (6) (Model 1).
The next columns (Model 2) give the percentage reduction in variance
by using the whole Eq. (6).

Since the variance of the anomalies changes somewhat from one
subarray to another, the total effect of these two models is somewhat
different from the average effect on each subarray. From the last row
(Table 2) it is seen that by using the whole Eq. (6), the variance may be
reduced by 51.49. This model (2) is the one which best fits the data. For
single stations there are several ways to interpret such a model (Nuttli
and Bolt, 1969; Lilwall and Douglas, 1969; Payo, 1971). In this case with
22 stations so close together it is difficult to invert the mathematical model
into physically reliable structures. For each single subarray the deviations
could for example be interpreted as being caused by a plane dipping
interface with depth, dip and updip direction given from A, B, and the
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Fig. 6. Contours for average deviations relative to NOAA wavefronts (sec).
Only P-phase data has been used. The length of the arrow is proportional to B
in Eq. (6), while the direction gives the early direction

‘early direction’. However, it is quite impossible to combine these planes
in a way such that all the 22 equations could be satisfied. It should be noted
that model 1, that is, just subtracting a fixed mean value for each subarray,
shows a better fit performance than any of the polynomial interfaces tested
previously. This model, which has been considered earlier by Gjgystdal
et al. (1973), may be thought of as representing structural inhomogenecities
in the array site area. On Fig. 6 contours for average deviations for P-
phases are plotted. The arrows on the figure give the ‘early direction’ and
the length of the arrow is proportional to B in Eq. (6).

Discussion

As seen from Figs. 4 and 5, the interfaces found do exhibit such large
elevation differences that their geophysical reality is questionable. To
increase the order of the polynomial to higher degrees than 3 cannot
be done because we then will end up with such a detailed map that simple
ray theory may not be used. If the velocity in the crust above the interface
is set to 6.2 km/sec, a second degree polynomial found in the same way
as described in the above section will be able to explain 24.99 of the squared
deviations. The contours for this interface are shown in Fig. 7. The conclu-
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Fig. 7. Depth contours for best 2nd degree interface 17¢=06.2 km/sec, Iy =
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sion is that it is not possible to construct a physically trustworthy interface
which is able to explain more than say 259, of the sum of the squared
deviations observed at NORSAR. It thus seems that in order to explain
the bulk of the deviations observed, other types of models have to be
introduced; for example, models where wave scattering and possibly multi-
pathing take a more important part.

To make it quite clear, the Figs. 4, 5 and 7 are not thought of as rep-
resenting a real interface. The intention with thesc figures and the section
above is to show that the kind of deviations observed exhibit such large
variations that they cannot be cxplained satisfactorily by simple smooth
interfaces. Thus, the effect of varying Moho depth cannot be dominant in
this data base. In order to say something about the shape of the Moho
interface, other types of data therefore have to be used.

Acknowledgement. The NORSAR project is sponsored by the United States
Air Force and monitored by the European Office of Aerospace Rescarch and
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