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PART  I 

SITE  SELECTION    FOR  A   SEISMIC ARRAY STATION 

IN  SOUTH-CENTRAL NORWAY 

by 

ANDERS S0RNES 

ABS fRACT 

The different seismic aspects involved in a possible relocation of 
the LRSM array station near Lillehammer are investigated. The 
magnitude station factor is found to be — 0.1 for both the Lille- 
hammer array station and the Kongsberg WWSSN — station. Short 
descriptions are given of three new potential sites found by a field 
inspection survey. Results from continuous recordings of earth- 
quakes and noise for several weeks at these sites are given and 
compared. It is concluded that one of the n«w potential sites, 
Sinkerud,  should be preferred among the sites considered. 

FOREWORD 

The author wisbes to express his sincere thanks to the following 
persons. Or. P. L. Willmore of Royal Observatory, Edinburgh, for 
more than two month« put to the free disposal for this project two 
complete field recording instrumentations, including play-back and 
transportation facilities and an experienced maintenance technician. 
This technician, Mr.G. Andersen, and Mr.O. Fuhr undertook the 
field recording. Mr. T. Birkeland, geologist, participated in the pre- 
liminary field survey. Mr. R. Parks of Royal Observatory,Edinburgh, 
has performed the frequency analysis. Mr. £. Sundvor has assisted 
in working out of all data. Miss E. Irgens has drawn ail figures. 



-4- 

TABLE OF CONTENTS PART I 

ABSTRACT   3 

FOREWORD  3 

TABLE OF  CONTENTS     4 

LIST OF FIGURES  5 

INTRODUCTION        ,  6 

THE  LILLEHAMMER ARRAY STATiON  6 

FIELD SURVEY     8 

NOISE MEASUREMENTS AT THE THREE SELECTED 
SITES        II 

COMPARISON  BETWEEN MEASURES FOR  THE 
SIGNAL-NOISE RATIO    ...     13 

MAGNITUDE RESIDUALS IN SOUTH-CENTRAL NORWAY 14 

DISCUSSION         14 

CONCLUSION  16 

REFERENCES      16 



-5- 
-- 

LIST  OF  FIGURES   PART   I 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

- 1 Topography around the Lillehammer site. 

- 2 Quaternary geology around the Lillehammer site. 

- 3 Topography around Sinke rud . 

- 4 Quaternary geolopy around Sinkerud. 

- 5 Topography around Aurtjern. 

- 6 Quaternary geology around Aurtjern. 

- 7 Topography around S0rbekk8aeter. 

- 8 Quaternary geology around S0rbekk8aeter. 

- 9     The   spectra  of  seismic    noise  recorded   at   the three 
new potential sites. 

-10     Microseismic  background at Kongsberg. 

-11      The relative response for the systems used. 

-12     Fiequency  plot  of differences between a  measure for 
the   signal-noise   ratio. 

-13     Frequency plot   of the  magnitude  residuals at 
Lillehammer 

-14     Frequency plots of the magnitude residuals 
Kongsberg. 

-15     Time residuals against magnitude    at Lillehammer. 

-16     Frequency plot of magnitude differences relative to 
Lillohamrr?r. 

Fig. 1-17     Index map. 



-6- 

INTRODUCTION 

In order to improve the methods of detection of undergrouad 
nuclear explotiono to such a level that these tests couid be inclu- 
ded mere easily in a test b .n treaty, tne Advanced Research Pro- 
ject Agency (ARPA) in Washington sponsoras a number of research 
and development programs.. One of these programs, the Long Range 
Seismic Measurement (LRSM) program, included the setting up and 
the operation of about forty seismic array stations. The Intention of 
this program was to collect comparative recordings of earthqua.,/;8 
end explosions. The American underground test ? ies planned at 
that time offered the necessary events with knowr parameters , 
One of these stations started recording in Norway in August, 1963, 
and wad then called 00 NW Oslo. The Geotechnical Corporation un- 
dertook the instalation of the station and also the operation of it 
until 1 April, 1965. At that date the operation of the station, now 
called LHN Lillehammer, was taken over by the Seismological Ob- 
servatory, University of Bergen, on an ARPA research contract 
expiring 31  Decembei; ?966. 

The seismic array station set up in Norway was =i mobile sta- 
tion and, therefore, W^.B not installed as would be a permanent one. 
For example, the recording equipment is still housed in a trailer. 
The site selection had tc be made without a thorough survey in order 
to be able to keep the time sc'.iedule. The title to the instrumentation 
is now transferred tr> the University of Bergen which will operate 
the station on a permanent basis in the future. Therefore, we face 
the question wether the station shall be made into a permanent 
installation at the present site or be moved to another site if this is 
found to be worth while. 

This report summarizes data on some important questions rele- 
vant to the problem of a possible relocation of the Lillehammer ar- 
ray station. The station and its present site are describedelsewheref 
therefore, only a short description will be given in this report. The 
results of a field survey to select potential new sites follows, taking 
into consideration geology, topography, accesibilities, power, etc. 
Afterwards, the results of noise measurements at the three selected 
sites are given. An investigation of the signal-noise ratio at sites in 
south-central Norway follows. Next some results of an investigation 
of the magnitude residuals in south-central Norway are given. The 
report ends with a closing discussion before conclusion. 

THE LILLEHAMMER ARRAY STATION 

The instrumentation and the site of the Lillehammer array sta- 
tion are described in another report which also contains tfome infor- 
mation on the background noise at the Ate (Geotechnical Corporation, 
1964). For this reason, only a short description will be given here. 
The standard LRSM seismograph system consists of a three compo- 
nent short-period Big Benioff seismometer set, operated at a natural 
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period of 1 second, and a Sprengnether long-period three compo- 
nent set, operated at a natural period of 20 seconds. The azlmuthal 
orientation ot the horizontal seismographs are 138*and Z28*. In ad- 
dition to the standard LRSM seismographs, a seven element linear 
crossed array of Big Benioff short - period vertical seismometers 
with a spacing of one kilometer i« installed. All seismometers ex- 
cept Z-2 are placed in tank vaults which are buried in 4 feet excava- 
tions. At Z-2 the vault is set on the surface of an exposed outcrop. 
For all seismometer» are used phototube amplifiers having a galva- 
nometer with a natural period of 0.2 second and 30 seconds for the 
short-  and long-period seismometers respectively. 

The recording system consists of one Develocorder, recording on 
16 mm film; two four-channel 35 mm Film Recorder; one Helicor- 
der, recording two channels on heat-sensitive paper; and one Amploc 
14 channel magnetic tape recorder, producing FM modulated 1-inch 
wide magnetic tapes conforming to IRIG standards. The basic inior- 
macion required for interpreting the data recorded at the LRSM-sta- 
tions is given elsewhere ( Geotechnical Corporation, 1962), The re- 
cording system of the Lillehammer station is modified to accomo- 
date the array data. The array data is recorded on the Develocor- 
der and on the magnetic tape. The accomodation of the array data 
on the magnetic tape is achieved by not recording the LRSM data 
with two different gain levels which is the standard procedure. This 
practice is lowering the dynamic range of the LRSM data by 20 db. 

The topography and the array lay-out of the present site are shown 
in Fig. 1-1. The area of the site is covered by a map on scale 1:50000 
contour interval 20m ( Seriec M-711 no. 1917 IV Asmarka ). The 
quaternary geology maps is shown in I'ip;. 1-2. This map and the 
other quaternary geology maps in this veport are redrawn after the 
geology edition of " Landgeneralkart ever Norge " published by the 
Geological Survey of Norway, original scale 1:250000, The topogra- 
phy on all maps shown in this report are drawn from " Gradtegns- 
kart" or " Rektangelkart " , whichever covers the area, published ly 
by the Geographical Survey of Norway, original scale 1:100000, con- 
tour interval 30 m. Greater parts shown on maps in this report are 
also covered b-/ more recently published maps on greater scales, 
mostly 1:50000, and smaller areas even on greater scales. For the 
sake of homoger.ity in comparison the topography maps are all drawn 
from the map? mentioned above originally on scale 1:!00000, 

An index map shewing the location of all sites in Norway mentioned 
in the cloning discussion are given in Fig. I- 17. 

The coordinates of the present array cross   point  Z-2 and of the 
LRSM vaults  Z - 3 are: 

Z-2 :     61° 03' 17"  N       10° 51« 58"  E 

Z- 3 :     61° 02« 57"  N       10" 52'48"  E 



The standard bulletin data which we are issuing,   refer to Z - 3.   The 
array vault elevations are as follows: 

Z- 1 547 meters ; Z- 2 555 meters; 

Z-3 505  , Z-4 484 

Z-5 556  , Z-6 503  , 

2-7 469  . 

In this area the metamorphic Precambrian rocks are overlain by 
Eocan.brian (early Cambrian) rocks. The bottom strata is called 
Rr0ttum sparagmite, which ie a dark grey rock with intercalations 
of arenaceous ahaio.These strata may be about 1000 m thick. Next 
in the sequence is the Biri conglomerate followed by Biri limestone. 
These strata are followed by Moelv quartzite conglomerate and 
Ekre sandstone. At vault Z - 2 there was an exposure of sparagmite. 
The vault Z - 3 is excavated in a thin bedded, severely weathered 
slate; but the rock becomes fairly hard and competent at a depth of 
about 4 feet. The rest of the vaults are bu.ied in brow*-!, unconsoli- 
dated, unsorted glacial deposits, ranging in size from saad to boul- 
ders. The drift is Pleistocene in age. During November, 1966, a 
field survey was c Tried out to find the thickness of these thin gla- 
cial deposits by Seismic methods for „he vaults not placed on rocks. 
This survey also provided the average velocities in the deposits and 
in the bedrocks bene uat For the vaults in the glacial deposits th« 
following results w re found: 

Vault Z-l 

Thickness of upper layer in meters 24 

Avg. velocity in upper layer in m/sec. 1950 

„            m         in bedrock in m/sec. 4540 

Z-4 Z-5 Z.6 

21 7 20 

2100 1710 1200 

4180 4160 4160 

14 

1980 

4950 

Th eas  of the array are forest land, partially cut over, leaving 
8C8 -^red clearings and tracks in the evergreen timber. 

FIELD SURVEY 

During two weeks in September, 196>>, 13 potential new sites *.n 
south-central Norway for the Lillehammer array station were in- 
spected by the present writer and cand. mag. Tore Birkeland, geo- 
logist from the University of Oslo and responsible for the geological 
evaluation. Some other sites were considered at an earlier stage; 
but they were rejected after map studies. The most important fea- 
tures which were evaluated from maps were topography,  accessibi- 
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lity, power supply, geological condition, and remoteness from 
soarces of  cultural  noise. 

T,ie field survey was performed mostly by driving about in our 
Vol'iswagen bus, but some areas had to be inspected mostly on foot, 
During the field survey all except two relevant aspects were con- 
sidered with regard to the usefulness of each site. The two aspects 
not considered were the economics involved in the establishing of 
an array station at the different sites and the possibilities for ren- 
ting land. These aspects are very much connected. It was impos- 
sible to investigate these questions because they acquired too much 
time. Also most of the potential sites which were visited would be 
rejected after this field survey and much work would be spent to 
no use. Therefore, this report is concerned only with the scientific 
questions involved; but, of course, the other questi'.as >»ere men- 
tioned occasionally when speaking to local people. The aspects not 
considered here are most efficiently dealt with m the final evaluation 
of a separate project to make the array station into a permanent in- 
stallation at a selected site among the few for which the scientific 
aspects  are discussed in the present report. 

The findings during this field survey are given in the day to day 
journal for the survey. All this detailed discussion will not be quo- 
ted here. The conclusion, however, was that out of the 13 inspected 
potential sites, 3 seemed to offer better conditions than the other 10L 
These 3 sites will be presented hevc with one map giving the same 
sort of information as an ordinary topographic map and another map 
showing the quaternary geology which in these areas gives informa- 
tion of just the superficial layers. The much older bedrock beneath 
is briefly described in the following paragraphs, one for each of the 
three sites. 

The name and position for each site are chosen to be the same as 
the places where the noise measuremjnts were performed. No ar- 
ray lay-out is drawn on the maps of the potential sites because the 
new array pattern and its dimensions are not yet chosen, and a dc - 
finite placing must wait until the final evalaaticn of the site. All 
private roads in the areas are not drawn on the maps mostly because 
they are not kept open during the winter. 

Sinkerud  (SIR),    i0o00,17.8"N      11038,57.7"E      h . 302 m. 

Fig. 1-3 and 1-4 show the topography and the quaternary geology. 
The surface layers of loose sediments seemed to be of small thick- 
ness and the bedrock showed up as out - crops over the whole a*ca. 
By moving an array pattern about short distances it is believed that 
it will be easy to dig vaults for suri'ice seismometers down to bed- 
rock. Much of the area is used as productive forest land. Sinkerud 
has electricity,  and the road from the south is open ail winter. 

Nearly all the area which is considered a potential site, is covered 
by a recently issued map (1963) on scale 1:50000, contour Interval 
20 m   (series M-/11 no. 2015 III   Str0m). 
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In this area the bedrock is of Precambrian age and consists most- 
ly of grey gneisses c,f variable composition with minor zones of am- 
phibolite. Gneisses with hornblende and garnet alternate with biotite- 
:ich gneisses. Pegmatite appears in the southern parts of the area. 
The strike is mostly NW in the eastern parts, and the dip is approxi- 
mately 55° against NE. Near the Floen-Dragsji« district the strike is 
more northerly, and the dio is less. The strike is variable along the 
lakes. A north-south fault probably runs along Floen-Dragsj0. 

Aurtjern (AUT),   60° 29' 34. 1" N       ll044,28.1nF   h:400m. 

Fig. I-5 shows the topography of this site, and Fig, 1-6 shows the 
quaternary geology. Here also thin layers of loose sediments are 
present. Greater parts of the area ave productive forest land, Viaps 
specially made for the local forest administration on scale 1 : 2 5000 
with contour interval 10 m,  partly cover the area. 

The road from Mo, passing Aurtjern eastward, is kept oper most 
of the winter, and it should be ea sy to kjep it open all winter. Aur- 
tjern has no electric power, but at several other places power lines 
extend into this are-*. A high voltage power line passes cast- west 
some three km north oi Aurtjern, 

Granite is the dominating rock ty^e in this district. The granite is 
mostly coarse-gra: ed with the minerals mikrokline, plagioclase , 
and quavtz, Jess mica. Remnants of basic rocks and fine -grained 
gneise i are lying in the granite. A gabbromassif is lying south-east 
of Lake Fl0iten. 

After the formation of granite a schistosity —zone was formed. 
T>: zone extends northward from a point ! km west of Elgej0 where 
the zon» is very narrow. The zone passes 1 km west of Au tjern 
where the zone is approximatelv 2 km wide. The rocks change gra- 
dually from granite to aug^n-gneiss tc mylonite in this zone. A fault 
goes north-south along Tannäa; otherwise, the district is little tec- 
tonized. 

S0ibekk8aeter  (S0S),   60^36' 19.2" N     09O32'39. 1"   E     h = 929 m. 

Fig, I-7 showd the topography and Fig. 1-8 shows ins quaternary 
geology of this site. The superficia? layers of loose sediments are 
very thin in this area. The road to S^rbekksa.er is open all winter. 
Electric power is also available at Sörbekksaeter, but the telephone 
line to the place is private and very poor. 

This area is lying completely 'vithinthe " Flä-granite" . The south- 
eastern parts consists of fine-grained quartz-monzonite. The rest 
of the area consists of porphyric quartz-monzonite. The porphyric 
quartz-monzonite is probablv younger than the fine-grained variety. 
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Small fragments of gneia appear occasionally. Smaller bodies of 
fine grained quartz-monzonite are lying within the porphyric variety 
and vice versa. The foliation is most common in the porphyric va- 
riety.   No majore fractures occur in the area. 

NOISE  MEASUREMENT AT  THE  THREE SELECTED SITES 

Two portable tape recorders complete for independent rfr^r- 
ding at sites without power supply we»e put to our disposal by 
Dr. P. L. Willmore of Royal Observatory, Edinburgh. One technician 
from Royal Observatory, Mr. George Anderson, brought these two 
recorders to Norway by boat in a Land-Rover with a 2-wheeled trai- 
ler on 4 November, 1965. Mr, Anderson was in charge of servicing 
the recorders on the expedition in Norway. He returned to Scotland 
with the instruments by boat on 12 January, 1966. The time of re- 
cording at each site varied from about 3 to 5 weeV-s depending on the 
recording time wasted because of malfunctiv. <s. 

The Land-Rover soon proved to be very i;*efi'.i in the deep snow 
cii.countered, because of its 4-wheel dii e. It also had a built- in 
engine-driver 3kVA alternator for batt.'i >■ charging at the site which 
at present had nc power. The field recorcer J were battery-operated 
FM tape-recorders, a modification oi u commercial unit from 
Thermionic Products j-.tu. They were recording at 0,133 ips with a 
carrier of 120 cps giving the IRIG standard packing density of 900 
cps, using 33% as the maximum frequency deviation. The tape width 
was 1 inch, and the recording head was a 16-track in-line head to 
SBAC specifications. All reproduce tipe decks for 1-inch tape to 
IRIG specification with option of this 16- track reproduce-head 
are, therefore, able to reproduce the recordings. The recorders 
had 6 channels of recording electronics. One channel is used for a 
digital time code, one for flutter correction, and four seismic 
channels. The seismometers were Willmore Mark II, adjusted to 
1 cps and operated as a three-component set rather near the recor- 
der and the fourth seismic channel was used as an option for expert» 
ments v/ith a vertical seismometer at ? distance. As only 6 channels 
wer" recording at the same time, the tape was turned and alsc re- 
corded on in the other direction. The tape had to be turned or 
changed every second day. The batteries usually last for two days 
under normal tempTatures, but during winter operations theywhere 
changed each day. This caused no extra work, as the recorders 
were attended to each day for  calibration. 

T^e seismometers were placed in pits which were dug down to 
ha id bedrock at places where the soil--cover was about 0.8 meter 
thick, and were as far away as possible from local noise sources . 
The bottom of each pit was made horizontal by pouring a concrete 
slab. Half the cylindrical part of a metal barrel with a diameter of 
0.8 meter was placed in the wet  concrete,    making  the pit   into a cy- 
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lindrical vault. Tno unused half-stamped bottom part of the barrel 
was put on top as a lid, not reaching the level of the surrounding soil 
Boards were laid across the pit, making the inside of the vault free 
from wind. 

Fig. 1-9 shows the results of a frequency analysis of data recorded 
at the three new potential sites. The tapes were speeded up225time8, 
and the data from the vertical seismometer analysed through a BrRel 
& Kjaer audic-frequency spectrum analyser. The spectrum analysis 
was performed with a filter band-width of 1/6 octave. The readings 
were then adjusted to correspond to a band-wid i of 1/3 octave be- 
cause some earlier investigations refer to this level. The analyser 
takes about one minute to go from 20 to 20000 cps. Playing back the 
tape at a speed of 30 inch/sec means that about four hours real-time 
elapse during one analysis run. Also the next four aours were ana - 
lysed, and the mean of the two runs were taken. These two  runs 
were also repeated for each tape , and this showed that no signifi - 
rant change in shape of the resulting curve occured during eight 
hours. The results are shown in Fig. 1-9 after chey have been trans- 
fercd to an amplitude-frequency plot, using the system frequency 
response. 

Two of the curves in Fig. 1-9 refer to the same condition ofmic- 
roseirmic background because the data w^re recorded at the same 
time. For Aurtjern the data were recorded another date. The micro- 
seismic background level both in the band-pass of the short-period 
at\d iong-period vertical components at the WWN standard station 
Kong»iberg (KON), also in the south-east Norway, was the same du- 
ring the time intervals when the data used in Fig, 1-9 were recorded 
The microseismic bickpround at Konpsberg is shown in Fig. I-10 a 
and b . The amplitudes given in Fig.I-lOare derived bv the stan- 
dard method of reading microseisms, which means that the ampli - 
tudes in the records arc taken to be the mean value of the maximum 
amplitudes of five groups of the most predominant waves in the seis- 
mogram occuring in time intervals of 20 minutes, ..he intervals be- 
ing symetrical about the exact hours 00, 06, 12 and 18 GMT. The 
eriods are derived by taking the mean value of the periods of the 

five groups of waves used for the derivation of ths amplitudes. Fig. 
1-10 shows how the general microseiamie background varies with time. 
Also, the amplitudes read frum the short-period vertical comoo- 
nents in Fig. 1-10 show large variations due to the microseismic 
storms. But for example thf periods associated with the amplitudes 
of 7^ for the short-period component during the strong storm 30 No- 
vt-mber were 4,9 seconds. This sort of microseisms is easily fil- 
tered away during play - back using narrowband-pass filters when 
the short-period data from a station recording on tape is scanned 
for P-arrivals. This is now the routine for the tapes from the 
Lillehammer array  station. 
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COMPARISON  BETWEEN  MEASURES FOR    THE SIGNALr-NOISE 
RATIO 

All data recorded from the vertical components at each new po- 
tential site have been played jack through electronic Krohn — Hite 
filters, which made the band-pass in real-time very .much the same 
as the band-paSR of the short-peridd photographic paper seismo- 
grams from the Benioff seismographs of the WWN station standard- 
tape (KON) and of the ehort-period Benioff film seismograms used 
in the LRSM program (LHN). Fig. 1-11 shows the different relative 
responiss of these systems which are typical for the sort of standard 
instrumentations which should be used for reading amplitudes ofP- 
signals f ^r determination of body wave magnitude (m, K 

Tne quantity read on th seismograms used for magnitude dcter- 
minationr is proportional ;o the ground particle velocity, namely anv 
plitude divided by period. This quantity has been .readfor all P-sig- 
nals reccrded at the new potential sites. The same quantity is also 
read for all these P-signals on the Kongsberg and Lillehammer 
seismograms. 

The background noise recorded by the band-pass of the short- 
period component, in the absence of a microseismic storm, appears 
to have a period in the seismogram not much different from the pe- 
riod of the P-signal of a teleseism. By reading the amplitude and 
periods of the background noise in the short-period vertical seismo- 
gram we can derive the same quantity for the noise as the quantity 
proportional to the ground particle velocity used for the P-signal 
in magnitude» calculations. 

In this paper the quotient between the maximum particle velocity 
in the P-signal and in the noise immediately before the P-arrival is 
taken to be a measure for the signal-noise ratio. The standard con- 
ventions for reading amplitudes and periods in body wave magnitude 
determinations are used for the P-signals; and conventions analo- 
gous to the reading of microseisms are used for the noise readings, 
except that a shorter ime interval is used instead of the twenty mi- 
nutes interval used fcr micrcaeisms. Here only about a one minute 
interval was  used. 

Fig. 1-12 shows a plot of the difference between this measure for 
signal-noise ratio calculated for Lillehammer minus the same ratio 
calculated for the Kongsberg and the three new potential sites. 
Kongsberg is included in the figure to show the data distribution for 
another nearby station with a well-known response curve for which 
more data were available in the same time interval. Positive values 
for this difference indicat-jd that the signal —noise ratio for that 
earthquake at Lillehammer is higher :han at the other sites indi- 
cated in the  figures. 
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MAGNITUDE RESIDUALS IN SOUTH-CENTRAL  NORWAY 

A frequency plot of the residuals found is shewn in Fig. J-I3a8 the 
magnitude observfd at the Lillehammer array station minus the pre- 
liminary aveiage magnitudes calculated on the data reported in the 
Earthquake Data Reports published by USCGS. Every earthquake re- 
ported by USCCS which was assigned a magnitude at four stations or 
more, falling within 0.7 of a magnitud'.' unit from the average for 
these stations, were used. USCGS uses the magnitude *or an earth- 
quake at each station not having a time residual against the standard 
JB tables for the P-arrival exceeding 10 seconds, but for this study 
all magnitudes calculated on P-arrivals, having a time residual ex- 
ceeding 4.9 seconds, were excluded. The magnitudes for the Lille- 
hammer station were taken from the bulletins published for the time 
interval August, 1963, to March, 1965. This left 444 earthquakes to 
be included. 

A similar frequency plot for Kongsberg is shown in Fig. 1-14, 
usiag 161 earthquakes from the bulletin for the year 1964. 

Fig. I-13 and 1-14 show that the station correction factor to use in 
calculating magnitudes from both these two stations in south-central 
Norway is —0,1.  These well   calibrated   stations   indicate   that    the 
seismic P-signals received in this area are slightly    stronger than 
the world average. 

Based on the same data as in Fig. I-13,the average time resia'ials 
against the USCGS average magnitudes are plotted in Fig. 1-15. The 
numbers in brackets shown in the figure indicate the number of 
events which refer to ach pcir.t. More positive time residuals for 
the magnitudes below a certain value might indicate the average point 
at which the first swing of the ground motion is masked by the noise 
in the seismogram. Fig. 1-14 shows, however, only the general ten- 
dency that the higher the magnitude more negative the time re si - 
duals. 

Fig. 1-16 shows a prequency plot of the differeice between the 
magnitude observed at Lillehammer and at Kci^sberg and at the 
three new potential sices. Positive values indicate that a higher 
magnitude is found at Lillehammer than at th^ respective stations 
indicated in the figure. 

DISCUSSION 

The seismic field survey uarried out at the present array site 
during October, 1966, cosxfirmed our doubt that the array lay-out is 
well placed. Some vaalts are placed in glacial deposits of maximum 
24 meter thickness having an average P - wave velocity as low as 
1200 m/sec at places. The bedrocks under the elements were found 
to have a velocit, down to 4060 m/sec. Because of these low velo- 
cities and also because of the poor prospects to find a lay-out for an 
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ext**nded array-pattern allowing all elements to be placed on bed- 
rock, comparison between the new poter ial sites is emphasized in 
the following discussion. 

The three new potential sites selected during the field survey in 
September, 1965, all seem to offer better geological conditions over 
an area large enough to suite an array lay-out with a diameter of at 
least 10-15km. Sinkerud , however, is the closest site to the open 
sea in the Skagerrak. Aurtjern is the fite which offer less open 
road facilities in winter time and has at present only a high-vol- 
tage power line through the central area. S0rbekksaeter has its dis- 
advantage in the high topographical relief just to the south of the 
area and the rather high average elevation, making the winter con- 
ditions  harder. 

The comparison of the amplitude-frequency curves for the noise 
obtained at the three new potential sites shovn in Fig, 1-9 indicates 
that for the short-period noise Sinkerud is ttie quietest site, while 
Aurtjern is the noisiest site. Any difference for the long- p** iod 
noise shown in Fig. 1-9 is not important for the selection of a sitv 
for a shon-periou array. The data used here were recorded by 
seismometers with a free period of 1 seconi, and any instrumen- 
tal difference might play a more important role for the derivation 
of amplitudes with periods of as much as 10 seconds. It is believed 
that amplitudes of long-period noise would not be much different at 
sited so near each other in south-central Norway. 

Data on the distribution of «hort-period noise st several places in 
Norway, but not places near the sites considered there, were also 
obtained by U.S. Geological Survey during Jie seismic long range 
refraction program undertaken in cooperation with the present con- 
tract (Warrick, 1966; and War rick and Plouff, 1966). Most of the 
data refer to rather quiet conditions during the time interval bet- 
ween 14 August to 3 September 1965. The conclusions from that 
low level short-period noise data were that no obvious correlation 
of noise level with major beologic province was found but that the 
highest noise levels are generally those nearest the western coast- 
line. 

The comparison between the signal-noise ratioes shown in Fig.J- 
1Z indicate that among the new potential sites Sinkerud seem to be 
slightly better than the other sites. The comparison between the 
magnitudes in Fig. 1-16 also show that Sinkerud is slightly better 
than the other new potential sites . One must, however, bear 
in mind that very little data became available during the short 
time of field recording and therefore no firm conclusion should be 
drawn from the above mentioned data alone. 
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CONCLUSION 

The local logistics, the geology, and the limited seismic data pre- 
sented in this report seem to indicate that Sinkerud tnould be pre- 
fered among the sites considered here. This site has, however, the 
shortest distance from the open sea in the Skagerrak. Because the 
available information does not indicate that this site is much better 
than the others, one should reconsider all sites once again if, follow- 
ing any future decision to investigate the cost of installing the sta- 
tion at Sinkerud, it appears that the renting of land, etc., is difficult 
or  expensive. 
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PART li 

CRUSUL  STUDIES   IN   NORWAY    1965 

by 

MARKVARD  A. SEUEVOLL 

ABSTRACT 

Part II reporto results obtained from three widely separated seis- 
mic ref-action profiles in Norway and a travel time study for seis- 
mic waves in Fennoscandia. The Pn velocities found are very closo 
to 8.2km/sec. Indications of a phase with velocity of 7.5km/sec are 
observe'- A phase with a velocity of about 6.6km/8ec is well defined 
in the- seismogi-ams. The amplitude for this phase varies strongly. 
The velocity for the first direct longitudinal wave varies mostly from 
6.00km/8ec to 6.15km/sec. A crustal thickness from 31 to 38 km 
has been d termined. 

FOREWOPD 

The work on the data ha« mostly Heen carried out at Lamont Geo- 
logical Obser/atory under the grant AFOSR 887 — 65 from the Air 
Force Office of Scientific Research as a part of the VELA— UNI- 
FORM program of the Advanced Research Projects Agency. 

I wish to express my sincere thanks to the following persons : 
Professor J.Oliver for making it possible for mekto work a year at 
Lamont Geological Observatory of Columbia Urlv*r«ity My stay 
was vei? interesting, instructive and stimulating. Dr.P. Pomeroy 
for this help and mary suggestions during my work at Lamont Geo- 
logical Observatory. Dr. L. C. Parkiser and Dr. J. Healy, the former 
anJ *hii present chief of tit Branch of Crustal Studies, US Geological 
Sur.c-v,   Menlo Park,   for their  interest and helpful cooperation   in 
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the planning ar d accomplishing of the common research program. 
The field te.m from the Branch of Crustal Studies, consisting of 

Mr, W. H. Jackson (leader), Dr. D. B. Hoover, Mr. J. Van Schack, 
Mr. D. J. Stuart and Mr. R. E. War^ck did an excellent work during 
the field measurements in Norway. 

Mr. Kendric'- and Mr. Mansfield of the American Embassy in Oslo 
assisted in the many arrangements during the field operation. 

The very important and excellent assistance from the Norwegian 
Army, the Norwegian Air Force, and especially the Norwegian I.avy 
under leadership of commodore Sigurd Valvatne, is gr«atly acknow- 
ledged. 

The author is also indepted to the t aff and students fct the Seismo- 
logical Observatory,  Bergen University. They gave extremely val 
able assistance during the planning, field  operation and accomplinn- 
ing of the  research program. 

The work described in Appndix C has been done together with 
Mr. R. E. Warrick,  whose cooperation is greatly appreciated. 
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INTRODUCTION 

During the meeting of the International upper Mantle Committee 
held in Moscow, 11-14 May 1964, the following resolution was 
made: 

" Considering the complexity of the geological structure of Europe 
and the importance of detailed comparative studies of the crust 
and upper mantle in this region for the UMP.and acknowledging 
the work already done in the Alps by the European Seismo) ^gical 
Commission as an example of effective cooperation, the ppcr 
Mantle Committee asks the European Seismological Comniis - 
sion to investigate the possibility of carrying out international 
profile researches of the crust and upper mantle on the territo- 
ry from the northern co.' st of Scandinavia to the southern oasts 
of the Mediterranean, and to the west towards the Atlantic 
Ocean". 

In order to participate in this investigatic i, according to the reso- 
lution from the International Upper Mantle Committee, the Seismo- 
logical Observatory, Bergen University, developed a plan during the 
autumn of 1964 to undertake a study of the crust and upper mantle 
along two east-west profiles across Southern Norway, 

A support from ARPA made it possible for Dr, L.C. Parkiser, 
chief of Branch of Crustal Studies, US Geological Survey, Denver 
(now: Menlo Park) to propose a cooperative seismie measurement 
program in Norway for 1965 between Branch of Crustal Studies and 
Seismological Observatory. By this proposal the original plans could 
be  considerably extended, 

A planning conference was held in Bergen, April 1965, and the re- 
sult of this conference was a plan for 

A) a study of the upper mantle velocity and wave attenuation on a 
long north-south profile through Norway from Kristiansand to 
Troms0, 

B) a crust and upper mantle study along three shorter profiles: 

1. Lofoten-Vesterälen 

2. Flora-Asnes 

3. Fedje-Grimstad. 

The field measurements were carried out in the period from 14 
August  to 4  September   1965. 

The study of the data which was collected during the measure- 
ments along the north-south profile from Kristiansand to Trom80 
was undertaken by Mr. R. E. Warrick at Branch of Crustal Studied» 
US Geological Survey, Menlo Park. A special technical report giving 
the re 3ult of this study is under preparation. 
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The present report includes three papers called Appendix A, B, 
and C, These three appendices show the present stage of the publi- 
cations, which are the results from this reeearch program. 

Appendix A gives a technical description of the field measurement 
and the preliminary results concerning the profiles 
Flora-Asnes and Fedje-Grimstad. 

Appendix B gives the results from the measurements in the Lo- 
foten-Vesterllen  region. 

Appendix C gives the results from a travel time study for seis- 
mic waves in Fennoscandia. 
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APPENDIX  A 

SEISMIC MEASUREMENTS   IN   NORWAY   1965 

Flora-Asnes  and   Fedje-GriTistad   Profiles 

(Preliminary report) 

by 

MARKVARD A. SELLEVOU and  Richard E. WARRICK* 

ABSTRACT 

Two reversed seierric-refraction profiles were recorded between 
Flora-Asnes and Fedje-Grimstad. Southern Norway, during the 
period    28 August — 4 September,   1965. 

Depths to Mohorovicic discontinuity were determined to be appro- 
ximately 36km at Flora and Asnes, 32km at Bergen, and 35 km at 
Grimstad. 

The velocity of the comproseional wave in the mantle immediately 
below the Mohorovicic discontinuity was determined to be 8.25km/8eCi 
There seems to be evidence for a phase with the appearant velocity of 
7.5km/sec. Other velocities determined in the crust are approxima- 
tely 6.1 km/sec for the surface layer and 6.5 km/sec for the layer 
immediately below the  surface layer. 

Within the geological region, called the Bergen Arc System, the 
velocity 6.5km/sec is ob'" .ne  surface.       No characteristic 
surface layer velocity (J„1 km/sec) is observed in this region ( the 
Fedje   shotpoint ), 

INTRODUCTION 

A prf s.am of cooperative seismic measurements in Norway foi: 
19b3 was proposed in February, 1965, in a letter from L. C.P&kiser 
of the U.S. Geological Survey to the University of Bergen, An agree- 
ment was soon reached between the Seismological Observatory, Uni- 
versity of Bergen, and the Branch of Crustal Studies, U.S. Geological 
Survey, on a program for crustal studies and wr-ve correlation in 
Norway. 

L»mont Geological Ob«erv»tory of Columbia Univeraity.   On leave 
from the Seitmological Obiervatory,   Bergen,   Norway. 

'Branch of Cr. atal Studiea,   U. S. Geological Survey,   Menlo  Park, 
Ci!.  U.S.A. 
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A planning conference was held  in  Bergen  on April 5  through    8, 
1965,  between   Professor Kvaie, Associate Professor   SelJevoll 
of the University of Bergen and Dr. Healy of th(> U.S. Geological 
Survey. The repult of this conference was a preliminary planfor the 
study of crustal structure along the Lofoten-VesterSlen, Flora- As- 
nes and Fedje-Grimstad profiles and an upper mantle velocity and 
wave attenuation study on a long north-south profile (aee Fig. II-A. 1). 
The initial plans called for the Branch of Crustal Studies to furnish 
two irray recording systems and two explosion firing and timing 
units. This participation was subsequently increased to four array 
systems and eight single-channel recorders in addition to the shot 
timing units. The Seismological Observatory provided light portable 
three-component seismographs in addition to their permanent obseiv 
vatories. 

FIELD OPERATIONS 

The field operations were conducted in Southern Norway between 
28 August and 4 September, 1965. Twelwe explosions were made to 
provide three at each end of each profile. Explosion times, positing, 
depth and size of the charges are included in Table 1. The explo- 
sions, numbered 1 through 7 inclusive, were utilized in the Lofoten- 
Vesterilen region study and in the long north-south profile reports 
which are in process. 

All but three of the explosions were in coastal waters where they 
were assembled, inplaced, and fired from ships of the Norwegian 
Navy. The three inland explosions were inplaced, fired, and timed 
by the Norwegian Army Corp of Engineers in a swampy area near 
Annes. 

The water shots were made up of 50-pound canisters of Nitrornon 
WWEL which were assembled inside a structural steel framework 
to keep the charge intact during the inplacement operation. The 
assembled charge was primed, then lowered over the side of the 
ship. Care was taken to avoid fouling the firing lines during the 
time the charge was lowered to the bottom and while the ship with- 
drewto a safe distance.The average distance from explosion point to 
ship for the 1820-kg charges was 700 meters. The range of offset 
distances was from 385 to 1490 meters. No damage was reported 
on board the ship for any of the shots. 

The explosives were detonated by use of a firing relay which was 
actuated by an electronic chronometer. The chronometer was syn- 
chronized with radio time signals from standard time stations. High 
voltage direct current was applied to the electric blasting caps to 
reduce the firing lag to millisecond values (Blasters Handbook, 1966). 

The shotpoint instrumentation consisted of an electronic chrono- 
meter,a standard frequency radio receiver, a step-up transformer 
and rectifier,   shot control and safety switches,  and a  photographic 
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oscillograph. The oscillograph recorded the chronometer impulses, 
the firing current sigiial, and the direct seismic arrivals at the shijx 
The otjcillograph included a precision timing line generator to aid 
in timing the  events  (Fig. II-A. 2). 

The explosions were located by trianguiatlon, using coastal navi- 
gational charts of a 1 to 50,000 scale, and by sightings of buoys 
and  shore  reference  points. 

The series of explosions near Asne * used T.N.T. as the explo- 
sive. The charges were placed in position on the bottom, of a shallow- 
water covered area by use of a raft. The charge depth was detet«- 
nöned after the charge had reached equilibrium on the bottom. The 
depth to bedrock was estixriated to be no more than a few meters be- 
low the charges. The explosives were detonated electrically. The 
shot instant, radio time signals, and chronometer pulses were re- 
corded on an oscillograph. The 600 kg siae limit for the largest shot 
was determined by the proximiry to occupied structures and a desire 
not to cause physical damage to them. 

RECORDING STATIONS 

Three types of portable seismic recording systems were used : 
truck-mounted arrays, single - channel magnetic tape systems and 
three - channel oscillograph recording systems. 

Array stations 

Four truck-mounted array systems furnished and operated by the 
U. S, Geological Survey were used in this program. These seismic 
recording systems consisted of eight channels of signal conditioning 
with simultaneous recording on photographic paper and magnetic 
tape. These systems have been described previously (Warrick et al. 
1961). Modifications since then have included the provision for re- 
cording all eight channels on magnetic tape and the inclusion of elec- 
tronic compensation channels. These additional channels on the mag- 
netic tape were achieved by eliminating of dual-level recording. The 
low frequency radio receivers were removed when their use was 
found not to be essential for timing. The signal path diagram (Fig. 
II-A. 3) oulines one of the eight identical signal channels. In this 
work the high frequency filter cut-off varied from 18 to 37 Hz depen- 
ding upon the strength of local noise sources. EV-17 seismometers 
with a 1.0 Hz natural frequency were used. The low frequency am- 
plifier cut-off occurred in the vicinity of 0.5 Hz. Six vertical seis- 
mometers were positioned along a line at 500-meter intervals and 
were connected to the recording system located at the center of the 
array through use of a tapered cable made up of small two-con- 
ductor  copperweld    cables.    Two horizontal     seismometers   were 
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orJ*mtated «o a» to make an orthogonal set at une of the verticaf 
seismometer positions near the recording system. The amplified 
seißmometer signals were displayed at two levels with approxima- 
tely! 5 db separation by ineans of a photographic oEcillograph and 
simultaneously recorded on magnetic tape (Fig. U-A-3a). 

Three —component units 

The Seismological Obeervatory operated *ight three -com.ponent 
systems for this program. These systems were construct**^ by Mr. 
Fridtjov Veim,Seismological Observatory. The signal path diagram, 
(Fig. .Ti-A.4) provides an outline of the system. A tri-axial seismo- 
meter set composed of three Hall-Sears HS-1 detectors with a 4.5Hz 
resonant frequency determined the low frequency cut-off of the sys- 
tem. The amplifier high cut frequency was on the order of several 
hundred Hz, well above the seismic signal range. The internal crys- 
tal chronometer provided time marks at one-and ten-second inter- 
vals which were superimposed with the radio time signals into one 
channel of the oscillograph. A four-channel photographic oscillo- 
graph of the type used in electrocardiography provided the recor- 
ding device   (Fig, II-A. 4a). 

Single —channel  magnetic tape system 

The Geological Survey provided, eight single-channel magnetic 
tape recording systems. These were prototype units designed by 
D.B.Hoover of the Branch of Crustal Studies. The systems used in 
this program are outlined in Fig. !1-A. 5. A single vertical motion 
sensitive EV-17 seismometer of l.PHz natural frequency was used 
as the detector. An attempt was made to put radio time on the tape 
before and after the shots were recorded. The output of the ampli- 
fier was recorded at two levels with a nominal separation of 30 db 
between levels.(Fig. II-A. 5a). These systems required two twelve 
volt storage batteries for powe»* and could record Tor several days 
continuously on one battery charge. In this work the systems were 
recording from 2 to 12 hours at a time, then they were moved 
and set up at a new location. Current versions of thes«» recording 
systems have a continuous radio time channel using the WWVB trans- 
mission on 60 khz which yields an usabxe signal strength over most 
of North America. 

RECORDING  DIFFICULTIES 

Aside from the  common logistic  problems the  principle factors 
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coitributing to a reduction in seismogram quality were timing prob- 
lemb and power frequency pickup. Radio time signals were of high- 
ly variable quality. At most locations some form of radio time sig- 
nal could be identified aurally but often the signal quality was too 
poor for ^tisfactory recording, it was discovered later that the 
single channel magnetic tape systems required a good radio signal 
strength to make usable timing recording. Time signals from. WWV, 
Washington; OMA, Prague; RWM-RES, Moscow, and DIZ, Potsdam 
were used at various times during this program (Ref.2). In Southern 
Norway the  Potsdam signal seemed  most consistent. 

The power frequencies of I6?i Hz from the electrified railings 
and to a lesser extend the 50 Hz from general use power appeared 
on the recordings, despite efforts to locate recording stations re- 
mote from these power sources. The amount of power frequency 
pick up increased whenever the cables and seismometers were ex- 
posed to wet weather. 

ACCURACY  OF  DATA 

Location: Recording locations were plotted on the best available 
topographic maps, nearly all on the scale of 1 : 100.000, of the 

"Gradteig " map series published by The Geogi tphical Survey of 
Norway. Positions are estimated to be correct within +200 m. In 
some areas only the older "Amts" maps were available, ihese are 
of variable quality, The precision of location in the few places 
where older maps were used is expected to be less exact but diffi- 
cult to estimate  meaningfully. 

The offshore explosion point locations were plotted on naviga - 
tional charts, having a I : 50.000 scale, by visual sightings of refe- 
rence points and a check of fathometer recordings, The location ac- 
curacy is estimated to be within i 150 m at the shot location most 
distant from sighting points (Grimstad). The other locations are ex- 
pected to have less location error. At °.snes the explosion site was 
located by the use of a 1:100.000 '"Gradteig " map with location 
precision  estimated  within  t 50 m. 

TIMING  CONSIDERATIONS 

The quality of record timing varied considerably as a ^ suit of 
the difficulty in obtaining good radio time signals. The listing of 
recording positions Tables 2 and 3 includes a timL.g grade ind:ca- 
tion. Grades 1 and 2 could be timed accurately as either radio 
time was recorded on that recording or the chronometer phase was 
determined on a separate recording. Grade 1 recordings had both 
radio minute and second indications. Grade 2 had clear radio 
second  indications.   Grade 3 were recordings obtained with only the 
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chronometer. The timing accuracy of recordinga in this grading was 
variable, as some of the chronometers had leas stability than others 
and the time interval to the nearest radio check varied. Grade 4 re- 
cordings were used only foi phase correlation, as they had no usable 
timing. Stations of this grade are indicated with a distinct symbol on 
tie travel thru plots to indicate these which were not used in the de- 
*',rminatior of the first arrival velocities. 

The recording paper speed and the sharpness of energy onset al- 
lows an eöti/nated average reading accuracy of i ms. The sharpness 
of energy onset is the greatest variable in the consic^ration of ti- 
ming accuracy of recordings of grades 1 and 2. The onset of the la- 
ter arrivals are estimated to be read wit' in t 100 ms. 

The apparent velocities and intercept times were obtained by the 
method of least squires. 

INTERPLETATION OF  TRAVEL  TIME DATA 

Fedje-Grimstad  profile: 

The f'.rs* cbservable eneigy from the Fedje shot point, assumed 
to be P™, (^hase notations, sec Appendix B) fits extremely well to a 
straight line with a velocity of 6.5km/sec (Fig. II-A 6) and an inter- 
cept time of 0.2 sec. The small intercept time indicates that the 
high velocity is reached very clos? to the surface. The 6.5 velocity 
is higher than usual in Norway , but can probably be explained as an 
effect of the geologic conditions existing in the Be^en Arc System. 
The 6.r. veloci;y energy could be followed to an oils '- of about 70 km 
from the shot. As the 70km offset distance was approached a marked 
decrease in amplitude occurs so that the phase could not be traced 
beyond 95 km. 

This iircit strong secondary arrival appears to have the same ve- 
locity a' Pg but with a delay of approximately 0.5 sec. This phase is 
assumed to be the first arriving energy from offset oi 100 to 180 km 
where the Pn crossover occurs. This phase car. be followed to beyond 
300 km with varying amplitude, but is often the strongest amplitude 
within the  P wave group. 

Pn appears as a cleai first arrival beyond the crossover from 
180 km outward. The onsets are usually distinct. The best fit for a 
straight line for the Pn velocity iu 8.25km/8ec. 

There arc indications of a phase between the Pn and P^ f' n ap- 
proximately 200 to 300km. This phase did not appear as a urat ar- 
rival and varied in distinctness. The apparent velocity of this phase 
VT  approximately  7.5 km/sec. 

The Grimstad end of the profile shows the usual velocity for the 
Pg of 6.0km/8ec., much less than the 6.5 recorded at the other end 
of the profile within the Bergen Arc Sy.ittm. 

The travel time data obtained for the Fedje-Grimstad profile are 
presented in tables 2 and J and these  /alues are pk tteo as two time- 
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disiance curves in Fig. II-A. 6. The time-distance curves shown in 
this travel time diagram are based on first and secondary longitudi- 
nal arrivals. 

The model presented in Fig. II-A. 7 fits the data well, but is given 
as a preliniinary model for the Fedje-GrJmstad profile. 

Flora-Äsnts  profile: 

The Pg arrival from the FTora, as wel] as the Asnes shotpoint fit 
well to a straight line in the travel time diagram Fig. II-A. 6. The 
P„ velocity is calculated to be 6.1 km/sec in both directions. 

The F^j onsets from the Flora shotpoint are very scattered around 
the regression li ie representing the velocity 6,5km/8ec in the travel 
time diagram Fig. II-A.. 9. The 1^ velocity (6.5km/8ec) determined 
from the Asnes shotpoint is based on only three observations in the 
distance range 190kiTi— 300km. 

The determination of ihe Pn phase velocity (8,20 km/sec) from the 
Asnes shotpoint is uncertain. The best fit for the phase from the 
Flora shotpoint identified as Pn, is a straight line giving the velocity 
8.25km/8ec, which is the same Pn velocity as has been observed in 
both directions from the Fedje-Grimstad shotpoints. This velocity 
observations from the Flora and Asnes shotpoints indicate that there 
exi?ts a relative horizontal Mohorovicic discontinuity along the Flo- 
ra-Asne^ profile. 

Tig. II-A, 9 shows a preli—inary calculated crustal structure along 
the Flora-Asnes profile, assuming that the crust consists of three 
layers with the constant velocities 6.1 km/sec, 6.5km/8ec and 8.25 
km/sec and a horizontal Mohorovicic  discontinuity. 

A lot of refraction profiles have been investigated i,i Fennoscandia 
during the last 10 years. The result of these studies shows that the 
velocity range of 5,90 — (- 10 km/sec seem» to be a relatively well 
established velocity for the upper crustal layer (just below the thin 
surface layer), Th" velocity range of 8.20 —8,25km/sec is also weil 
establ." hf d for thr Pn phase. The phase F^ with the apparent veloci- 
t'es bev ,cen 6.50—6.70kni/sec is also observed very often, but the 
& .attering In the onsets anr; the amplitude variations of this phase 
indicate that it is not all the head-wave F^ , but may be a combination 
of an eventual head-wave, reflections from Mohorovicic discontinuity 
or eventual other phase combinations that are interpretated as F^j. 
This still needs a careful investigation to arrive at a satieL^tory ex- 
planation. 

The Seismological Observatory, Bergen, ha« recently acquired ar 
instrument f'-r handling magnetic tape data. We are hop'ug that by a 
continuation of the data handling process, which has been started, we 
shall be able to continue the work concerning the phase correlation 
and crustal models for tno Flora-Asnes and Fedje-Grimstad profiles. 
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Fig.II-A. 1 :   Seismic refraction measurements in Norway 1965. 
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Fig. II-A. 4 :  A block diagram showing the   signal  path   and 
system: Three-component units. 
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Fig. II-A, 5 : A block diagram showing the   signal path and    timing 
system: Single-channel magnetic tape units. 
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channel magnetic tape units. 
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Fig.II-A.8 :  Travel-time curve« for the .t'lora-ABnes profile. 
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APPENDIX  B 

SEISMIC MEASUREMPNTS   IN  NORWAY   1965 

LOFOTEN -VESTERÄLEN  REGION 

by 

MARKVARD A. SEUEVOLL1 

ABSTRACT 

The Lofoten Vesteräien district in Northern Norway belongs to a 
region with very high gravity ai.omalies ( + 138 milligal in the Loto- 
ten area). A seismic refraction study carried out in this region in- 
dicates that this gravity hight, is caused, at least partially, by a 
thinning of the upper crv.«5tal layer. 

INTRODUCTION 

The Lofoten-Vesterälen region of Northern Norway was the sub- 
ject of special study during the cooperative program of seismic mca- 
surernentn conducted in Norway the summer 1965 by the Seismologi- 
cal Observatory, Bergen University, and U.S. Geological Survey 
Branch of Crustal Studies. This paper deals with the results obtained 
during the measurements in the Lofcten-Vesterilen region. The up- 
per left part of Fig.II-B. 1 shows the e::plosion points and profile 
linea of the program. 

The Btndy of the Lofoten-Vesterilen region was made by the eight 
Norwegian recording units with the four explosions from Troms0. 
(Sellevoli and Warrick 1967.) The location of the recording stations 
and the explosion point are also chown in Fig.II-B. 1. which is an en- 
largement of the area within the frame in the figure. All ' the plan- 
ned recording stations are indicated. The stations used in this 
study are indicated by big filled circles. These stations are concen- 
trated around a lire from the explosion point along the Lofoten-Ves- 
terÄlen region. 

L>amont Geological Obiervatory of Columbia Uslverdty. On !•■•'» 
from the Seiimological Obiervatory,  Bergen, Norway. 
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The main reason for the concentration of the Norwegian field sta- 
tions in the Lofoten-Veateriien region weif! the gcoiogical features 
of this reg'ov. and the interesting results of a gravity survey car- 
ried out by Tlxe Geographical Survey of Norway'^ (NGO). NGO has 
presented a map shov/inj, the Bouguer anomalies in Northern Nor- 
way. This map shows that fbe L .'oten-Vesterilen repion belongs to 
«. re^i^1  v/i'ch extremely high positive Bouguer aao^nalies Fig,II-B.2. 

No counter-»hor was fired in the southern Lofoten area because d. 
time limitations. Thexefore, the .esults obtained have been based 
upon «ome »""jumptions, but the results gained are very interesting 
and encouraging. 

THE  GEOLOGY 

The general sertir.g of *he geology in the region of this study is 
shown on the geological map of Norway by Holtedahl and Dcig (196(1). 
A part of this map is shown in Fig. II-B. 3. 

The rocks in the Lofoten and VesterältTi groiis are mainly gab- 
bro, norite, and ai.orthocUc. In connection with the gabbros occur 
ultrabasaltic segregations, including titaniferous iron ores. The Lo- 
foten rocks were formerly considered to form ?. petrographic pro- 
vince ox their own and have also been considered „o be of Caledo- 
nian age. This rock group has been called „ The plutonic rocks of 
Lofoten ". 

K.Heier (I960) has published a paper on the geology in the Ves- 
terilen district, especially the island Lang0y has been studied. His 
work shows that „ The plutonic rocks of Lofoten " constitute a 
series of high regionally metamorphosed rocks into which eome ig- 
nious rocks are irtruded. Heier considers the rocks in the Vester- 
ileu district to form a continuation to the west of the rocks of the 
basal complex. The distinctioa being a change from amphibolite to 
granulite mineral fades from the east to th.« west. 

According to Heier the question of the ages of the Lofoten-Vester- 
ile ri rocks arc otill undecided. Molybdenite from this district gives 
ages about Z.lO'years by Re/Oo method. Heier's comment to this 
finding is that this may be „ a relict age * of pre-Cambrian rocks 
now intermixed in the Caledonian gneisses. 

Heier (1960) has on the basis of his observations, espf ci^Üy on 
_.ang0y, found it possible to fit his data into the follov ing chronolo- 
gical  sequences of events. 

1. Deposit of Caledon'»n sediments    upon a  „ basement*   of jre- 
Cambrian rock (2,3x10* years old) and local igneout- activity. 

2. Early Caledonian orogence activity   with  regional mettmor - 
phism of both the sediments and the basement rock. 

''Norges  Gec^rafieke Oppmiling (NGO) 



-63- 

3. Formation of paleogenic granite   magmas and   local migratiou 
of these magmas to form masses such as the younger granites. 

4. After this metaK.orphism,intrusion af gabbros,   . lonz1" xite and 
anorthozite. 

5. Intrusion of gabbro with retrograde mctamorphism. 

6. Regional tnrusting of rocks from the west towards the east. 

FIELD  MEASUREMENTS 

The shotpoint west of Trom80 was selected on the basis of geology, 
water depth, and fishing considerations. This shot point was marked 
by a buoy and the position was determined by Triangulation with 
known positions. 

Table 1 gives the date, explosion time, coordinates, water depth, 
and charge sizes of the four explosions. Details relating to the field 
techniques have been described by Sellevoil and Warrick (1967). 

Shot 
No. 

Date Explosion time 
(GMT) 

Coordinate* Water 
depth 

Charge 
(kg) 

1 14. Aug. 65 04h 01m 00,02« 6/47,40! N IS0 16.10'E 108 m 1820 

2 16. Aug. 65 04h 01m 00.33i ■"■      B    •^— U7m 45«' 

3 18. Aug. 65 04h 01m 00.33» —   . ~ 120m 9100 

4 20. Aug. 65 04h 01m 00,33s 108 m 7950 

Table   1:  Data  on the  explosion«. 

TERMINOLOGY AND SEISMOGRAM  READING 

Various proposals have been made in recent years to revise or 
replace the traditional terminology for seismic waves in the upper- 
most part of the Earth, In this paper the terms P , Pb and Pn will 
be used LB defined by Sellevoil (1967). g 

All field stations were placed on crystalline rocks.  The exact geo- 
logic situation at the shotpoints is not known, but it is highly possible 
that the crystalline sea-bottom is covered by less than 50 meters of 
recent sediments. 

The most important step in reading the seis.nograms is the iden- 
tification of significant wave arrivals. At greater distances, or in 
the presence of high noise, identification is far more difficult. With 
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a single channel, we must rely on changes In amplitudes or charac- 
ter to identify the signal. With three component seismometers Z, T 
and R it is often easier to identify arrivals. 

In order to improve the identification possibilitie« of secondary 
arrivals the photographically recorded Z components have boor 
transferred to a magnetic tape and played back through a filter sys- 
tem. 

Fig. II-B. 4 »ho^a a block diagram illustrating the method used. 
The «eismogr^ms were plnced on a rotating drum, and the selected 
trace on the seismogram was followec. through a movable sight. The 
movements of the sight were transferred to a potentio neter which 
produced a variable voltage. This signal was then transferred to a 
modulator, and an FM signal was recorded on the magnetic tape , 
using a Honeywell LAR 7400 recorder. The recording speed was 3/8 
ips and the playback speed was 17/8 ips. The filtering was made 
with Krohn-Hite 330 AR—4 filter and recorded on a four channel 
Sandborn recorder. 

A minimum puss band width was used by setting the frequencies 
for low and high cut-off frequencies equal. This produces a narrow 
band pass characteristic with cut ell slopes of 24 db per octave. The 
p?ak of the filter band pass was moved in steps of one Hz from 3 to 
10 Ha. 

Fig. II- B. 3 shows an example of a filtering analysis of the Z-com- 
ponent recording at he station 412. Th- frequency variation in the 
different phases cai. >e clearly observed. The frequency response 
*nr the recording instrument used is relatively flat above 4 Hz; con- 
sequently, the Amplitudes can be directly correlated for all filter 
settings down to 4 Hz. Bel JW 4 Hz the recording instrument cut off 
reduced amplitudes. Fig. U-B. 5 ^hows that most of the energy is 
transmitted at frequencies lever than 4 cps. 

By comparing the filtered seismograms in Fig.U-B. 5 with the un- 
i tered Z component from station 412 in the seismogram montage 
Fig. II-B. 6 (the arrows in Fig. II-B. 6 correspond to the arrows in 
Fig. II-B. 5) it is shown that the onset for the Pb, Px, and P,- can be 
more easily determined on the processed seismograms than on the 
original seismograms. To identify some secondary arrivals we must 
depend on techniques that enchance the late-arriving energy com- 
pared to the trains of earlier waves that keep the seismometers in 
constant agitatfon. 

The recording paper speed at the different recording units varied 
usually from about 33 to 38 mm/sec. In order tc standardize the re- 
cording length per second and al; the same time make a seismogram 
montage a computer program was written. 

12 sec of th« Z component recording on all seismograms have 
been digitized and the data have been processed in an IBM-162C elc > 
tronic computer. With the help of an 1BM-162F plotter the seismo- 
grams have been plotted as a reduced travel time diagram. The 
technique used is illustrated in the upper portion of the flow dia- 
gram (Fig. 11-B4). Fig. II-B. 6 shows the seismogram montage for 
the Lofoten-Vesterilen experiment. 
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DATA ACCURACIES 

On moot of the seismograms the first break ie clearly defined, 
and the beginning of the p' ase can be read to about i 20 ms. T!»e 
stations 402 and 403 hav doubtful timing and these two seismo - 
grams are, therefore, laced in the traveltime diagram where they 
fit best, according to t.e distances. The onset of secondary arrivals 
probably is not reliable to better than 1100 ms and is even more un- 
certain for the Pxl and P,. phases. 

PHASE CORRELATION AND TRAVEL TIME 

In the analysis of the seismograms an attempt   was made to read 
all the distinct pahse* of the P group.   The  earMest arrivals plus la- 
te_- arrivals,  which can be seen from the seisr     gram montage,  are 
reliable in time and are coherent. Arrival tim      of each phase at all 
stations were read,  and the results are preso   ed in table 2. 

From Fig. II-B. 6 it can be seen i1 t the on8«.c for P^ and Pn fit 
relatively well to a straight line up to a distance of about 250km. 
For the most distance stations, 411 and 412, both Pn and F^ arrivals 
are much to early. As will be discussed l^ter, these early arrivals 
are probably due to a thinning of the crustal layers which would ex- 
plain the increase ir. the apparen' velocity southward beyond about 
260km from the shot point. For this reason the stations 409, 410, 
411 and 412 have been left out in the calculation of the least square 
fits for Pjj am. P^. 

Velocity measurements carried out on short profiles in the meta- 
morphic rockt» in Norway show that a velocity of approximately 
6.1 km/sec ia usually obtained as the first »direct >vave" out to the 
crossover distance for later P arrivals (Sellevoll and Warrick 1967). 
If in the Fig. II-B. 6 a line is drawn through the zero point with a 
6.1 km/sec velocity, the line will fit very well to the first onsets 
from station« 413 and 415. This indicates that the first direct wave 
correlates well with previous measurement«, and the first onset in 
the seismograms from station 413 and 415 is therefore interpretated 
as Pg 

When tim-a is in seconds and distance is in kilometers, the travel 
time for 1^, and Pn for the stations from 408 to 413 in table 2 can 
be represented by the following equations: 

pg 0-415: (0)      + 4 sec 

Pb  0- 408:     2.42   + or sec 

'Pm 0-40S: :[6-3' 'rk sec 
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The apparent velocities 6.66 km/sec and 8.26km/«tc are very close 
to the velocities found in Fennoscandia for P^ and Pn , respectively 
{Sellevoll and Warrick 1967). These velocities indicate, therefore , 
that the depth to the discontinuities it about the same along^he pro- 
file from the shotpoint tc about 200km southward. 

The maximum deviation from, the least square fits for P^ and Pn 
is also given in table 2. The maximum deviations for Pn vary from 
+ 0.09 for all stations excej,. for the stations 411 and 412 where the 
maximum deviations are respectively +0.47 and +0.54 sec indica- 
ting an early arrival. For P^ the maximum deviations vary from 
J-O.ll to -0.09 for the stations 413 to 408, For the four stations 409, 
410,  411, and 412   the  deviations are   +0.50,    +0.57,     +0.82 and 
+ 1,22 sec,   respectively. 

The strong phases Px,and P,,, (Fig. II-B. 6) arriving 1 to 3 sec af- 
ter Pb can not at the moment be given a satisfactory explanation . 
Phenomena having the same character as observed during this stu- 
dy have been observed in Southern Norway aud strong unexplained 
late arrivals in the P-wave group have also been reported obser- 
ved from other parts of the world. These phases need a further 
study. 

CORRtLATICN  BETWEEN THE  BOUGUER ANOMALIES AND 
THE  RESIDUALS FOR Pfc,   AND Pn. 

The Geographical Survey of Norway distributed, in 1963, a gra.ity 
map showing the Bouguer anomalies in the Northern Norway. A part 
of   this   map   is   shown   in   lig. U-B.  3. This map is based upon 
gravity measurement» made every 2krr along the main roads in that 
part of the country. The gravity at sea has been measured with a 
Venlng Meinez pendelum on board a submarine laong the coast of 
Northern Norway. 

The contour iniervil on the map is lOmilligal. The contour lines 
show that the Lofoten-Vesterilen region belongs to a region with an 
extremely high positive Bouguer anomaly. 

The middle part of Fig. II-B.7 shows a gravity profile from the 
sbot-point to the center of the gravity high in the Lofoten region. 
The profile is based upon NGO's gravit" map. The profile shows 
that the anomalies increase smoothly from +20 milligal at the shot- 
point to ?bout 60 milligal at station 413 and smoothly decrease to 
about 30 milligal at 418; then there is an increasr again to about 
40 milligal «it 403, and a decreas» to 20 milligal at 405. From sta- 
tion 405 and southward we find a strong gravity gradient. The Bou- 
guer anomaly  reads  about +12U milligal at station 412. 

Fig. II-B. 7 shows tnat there is a strong correlation between the 
Bouguer gravity anomaly and the residuals for   Pn and   P^. 
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THE CRUSTAL STRUCTURE IN THE LOFOTEN-VESTERÄLEN 
REGION 

An attempt ha a been made to calculate the cruscal structure along 
the profile from the «hot point through the zone with the maxfmum 
gravity anomaly in the Lofoten region. 

The apparent velocities 6.66km/8ec and 8.26km/aec obtained out 
to at least 250 km from the shot point correspond very well to the 
normal velocities obtained throughout Fenncscandia where crustal 
structures are known to be horizontal. This indicates that the depth 
to the discontinuities must be about the same along the profile line 
out to a distance of at about 250 km from the shot point. 

From previous work in Fenncscandia a three layer crustal model 
seems to fit the data obtained. The data collected in this study also 
supports a three-layer model with the first having a P velocity of 
approximately 6.'km/sec, the second layer a velocity of approxi- 
mately 6.6km/sec id the third layer a velocity of approximately 
8.2 km/sec. The velocities found in this area outside the regiou of 
the high gravity gradients ( 6.1, 6.66, and 8.25 km/sec } indicate 
' (.■rizontal layering along the profile described. Since there are no 
counter-shot to prove otherwise, it have been assumed a three- 
layered crustal model with horizontal interfaces for the arsas out- 
side the region of high gravity gradients. We also assumed no ver- 
tical velocity gradients within each layer. 

Under this assumption have been calculated the thickness of 
layers within the region outside the high gravity gradients to 16,7 
km foi the first layer and 14,7km for the second layer. The depth 
to Mohorovicic discontinuity is consequently 3i.4km. 

From the residual values in table 2, the deviation from the hori- 
zontal structure has been calculated and displayed in the lower part 
of Fig. II-B. 7. 

The most plausible conclusion that can be drawn from Fig. II-B. 7 
is that the very high gravity anomaly at the southern part of the Lo- 
foten - Vesterilen region is, at least partialy ,, caused by a thinning 
of the granitic layer and a shallowing of the Moho-discontinuity un- 
der the Lofoten area as compared to the adjoining Vesterilen area. 
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Shot 
No. 

Akm P 
S 

tMg Pb tAtb Pn tAfc P*, 

413 99,19 km 16,59 »ec -0,06»ec 17.31 eec 0,00 tec 
415 128.19 , 21.27  . + 0.0?   . 21.75  . -0,08   . 

)17 159.59 . h.6.26  . +0,11    . 25,67 »ec +0.03 sec 

418 166.16 . 27,35  . +0,02   . 26,55  . -0.06  . 

402 

403 

404 214.67 . 34,66 . +0,02   . 32,35  . -0,01   . 

405 2^5,96 . 36.26  . +0,06   . 33,64  . -10,05  . 38,95«ec 
•07 240.00 . 38,51   . -0,09   . 35.58  . -0.09  . 40,98  , 

408 249.23 . 39,37  . 0,C0   . 36,55  . 0,0o  . 42.15  . 

409 264.09 . 41,62  . +0,50   . 38,35  . + 0,04  . 44.17  . 

410 -66.34 , 41,85  . +0,57   . 38.60  . + 0,04  . 44.45  . 
411 282,52 . 44.00  . +0.82   . 40,12  . +0.47   . 46.26  . 

412 289,29 , 44,70  . +1,22   . 40,92  . +0,53   . 47.14  . 

Table   2. 
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Fig.II-B. 1 : Tlie location of the seiamic stations in the Lofoten- 
Vesterilen region. The stations used in this study are 
indicated by big filled circles. The shotpoint NW of 
Troin80 is the only shotpoint utilized in this study. 
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Fig. II-B. 2 : A gravity map showing the Bouguer anomalies   in   the 
Lofoten-Vesterdlen and adjacent region. 
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Fig. II-B. 3 : A map showing the field relations between the " pluto 
nie rocks of Lofoten" and the " bas^l Gneisses'' con 
taining metamorphic Caledonian sedimentary rocks. 
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Fig. II   B, 5 :  An exan.ple of a filtering analysis of the Z -corrponer.t 
recording at the station 412 (A : 289.29km). 
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APPENDIX  C 

A TRAVEL TiME   AND PHASE   IDENTIf ICATION    STUDY 

FOR   FENNOSCANDIA 

by 

MARKVARD A. SELLEVOLL 

ABSTRACT 

The present paper is based on th^ results obtained during a sei»- 
mi«: refraction expe iment utilizing 19 explosions detonated in Nor- 
way during the period from August 14, to September 4. 1965. In 
addition to recordings at 20 temporary stations, most of the larger 
explosions were well recorded at the permanent stations of the Fen - 
noscandian seismological network. The following t"avel times have 
been obtained Ubing the network data: 

^n (7.6 + A/8. 20) sec 

'Pb (2.3 + A/6. 60)8ec 

S (0.2 + A/6. 13) sec 

ts    : (12.3 + A/4. 66) sec 

ts    : (0. 1 + A/3. 58) sec. 

Improvement in phase identification by analog analysis techniques 
is illustrated using records from the Lillehammer array. 

INTRODUCTION 

Thic is one in a scric of papers giving the results obtained du- 
ring a seismic experiment in Norway which was carried out between 
August 14, and September 4, 1965. Investigations are beeing carried 
out under a cooperative program between the U.S. Geological Survey. 
Branch of Crustal Studies (Menlo Park,U.S.A.) and the Seismological 
Observatory , University of Bergen (Bergen, Nor ay). The U.S. Geo- 
logical Survey operated 12 temporary stations and the Seismological 
Observatory occupied 8 temporary stations during the experiments. 

In all, 19 shots wert fired ranging from 150kg to 9100kg. 17 of 
these large explosions were recorded at the permanent stations cf 
the Scandinavian seismological network, and this paper deals with 
the results of a travel time study has» d on these recordings. 

This paper gives also an example of the improvement in phase 
identification which can be obtained, especially for later arrivals, by 
analysing the output of the magnetic tape records in an analog com- 
puter using the particle   motion technique  described  by Sutton    and 
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and Pomeroy (1963). A detailed  study  of the magnetic tape seismo- 
grama from the Lilleham/ner array staticn is in preparation. 

The main purpose of this studv is to gain information about the 
travel times for Fennoscandia so that these data may be uaed in a 
forthcoming study to locate epicenters in Norway and adjacent areas 
based on data from the Fennoscandian setsmological network. 

A  BRIE5  DESCRIPTION OF THE  GEOLOGY OF FENNOSCANDIA 

Fennoscandia is a term proposed by the Finnish geologist W. 
Ramsay, in 1910 ^d it includes the geological —geographical unit 
which comprise!} ..e Scandinavian Peninsula, Finland and adjacent 
parts of the USSR. The entire eastern part of this region, called the 
Baltic Shield area, is characterized by the predominant occurence of 
Precambrian rocks. 

The western part of Fennoscandia is characterized by Cambro- 
Silurian rocks {Fig. U-C. 1.) and rocks which have been stroagly me- 
tamorphosed during the Caledonian orogeny. 

The Precambrian rocks in Southern Norway are separated into 
two parts by the Oslo graben. Towards the north the Precambrian 
rocks of Southern Norwa> dip below the younger rocks of the Cale - 
donian orogenic zone,  which comprise the greater part of Norway. 

The Scandinavian Caledonides consist of geosynclinal sedimen- 
tary and volcanic rocks. A.n increasing degree of metamorphism 
with granitization and intrusions can be clearly seen from the Oslo 
graben towards the northwest. It is to the north-vest that the deep- 
seated orogenic processes have been especially artive and here the 
rocks cf the previous Precambrian basement and mainly Cambro- 
Silurian sedimentary rocks have been strongly altered and welded 
together. 

The Caledonides continue from Northern Norway to the Svalbard 
region. The southward continuation is more uncertain. It is mosf: 
likely that the main branch of the Caledonides continues tf> Scotland, 
but there are, in addition, some indications f'-.at at least a minor 
branch of the Caledonides continues south-southeast be low the Meso- 
zoic and Tertiary rock formations in Denmark and Northern Ger- 
many. 

On the Scandinavian Peninsula mainland only two relatively 
smaller regions with Mesozoic i ocks are known, Scania (Sc in Fig. 
II-C. 1.), the southernmost ^art of Sweden and on the Island Andöya 
(A in Fig. II-C. 1.) in Northern Norway. There the sediments have 
been  preserved between faults. 

DATA 

Table 1.  gives the shotpoint coordinates,  date,  time,  water depth 
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and charge in kg for each of th«. explosions. All shots were fired on 
the sea floor. (Except the Asnes shot,  which was fired in a     jwamj») 

Positions were determined in each case by triangulation using 
shore points. The distances to these points were, in general, short 
(except Grimstad 04 GMT- 9. 3. 1965) so that the inaccuracies in the 
position determination should be less than 100 m. 

The shot instant in universal time was obtained by recording ra- 
dio time signals together with the electrical indication of the shot 
instant. 

Fig.II-C.2. shows the seismological station network in Fenno- 
scandia together with the explosion sites used for this study. The 
stations used for this study are indicated in F'.g. II-C. 2 as closed 
circles,  the other stations are indicated with open circles. 

Table 2 gives the station name, the abbreviation, the coordinates 
and height in meters for stations from which seismograms have b^en 
studied. 

A list (Table 1) has been prepared showing the instrumentation 
and instrument constants for the station used in this study. 

THE  TERMINOLOGY 

Various proposals have been made in recent years to revise or 
replace the traditional terminology of longitudinal and transverse 
waves within the crust. No rigid standards of terminology have been 
established. 

In Scandinavia almost everywhere old crystalline rocks occur 
up to the surface, covered only by a few meters of recent unconso- 
lidated material. The terms have been used w^th the following mea- 
ning: 

P   (S  ) :  A compressional (shear) wave that has travelled thr   ;gh 
*    ®     a layer of a few   hundred meters  of low-velocity crys- 

talline rocks and then  refracted into a laver with a ve- 
locity of 6.C-6.20 km/sec. (3.50-3.60 km/tjec.), 

Pb (S. ) : A compressional (sheai) wave that has penetrated through 
the uppermost layer and then refracted into a deeper 
layer of the crust at velocities ranging from 6,4 — 6.8 
km/sec.  (3.50 —3. 60 km/sec.). 

Pn (Sn) : A cumpressional (shea»* wave that has penetrated through 
the crust and has travelled as a refracted wave in the 
upper mantle rocks at velocities ranging from about 
8.00 to 8.30 km/sec.   (4.5-4.8 km/sec.). 

Lg: A   wave  with   predominantly   SH  or  Love-typi particle 
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motion. The wave is a surface wave component of S^, 
propagated to great distances by wave guide mechaniami 
in the silicic crust with a velocity about 3. 55 km/sec, 
(Press and Ev/ing,   1952,  Blth,   1954. Oliver 1955). 

CALCULATIONS 

From the Swedish stations 16 mm film copies of all Z —compo- 
nent seismograms were available, however, these copies were not 
easy to read with sufficient accuracy. At Dr. Bath's suggestion we 
used his data given in August and September bulletins from the Seis- 
mological Institute, Uppsala. Dr. Bath's phase identifications have 
been used in most cases, but some phases which do not fit into the 
travel time diagrams have been reidentified or omitted. 

Copies of the seismograms from the Finnish stations and origi- 
nal seismograms from the Norwegian  stations have been studied. 

Table 3 A shows the travel times obtained from the Troms0 ihot- 
point. Table 3 B includes the travel times obtained from the two 
shot-points Kristiansand and Grimstad on the southern and the south- 
eastern coast of Norway. Table 3C includes the travel times from 
the two shotpoints Fedje and Flora on the western coast of Southern 
Norway, together with the travel times which wiere obtained at Lille- 
hammer from the Asnes shotpoint. The Lillehammer array station 
was the only station which recorded the events from the Äsncs shot- 
point. 

On the basis of the data presented in Tables 3 A, 3 B ar.d 3C, the 
least square fits to a straight line which have been calcul£.ted by the 
different phases. 

t = I+A/V sec   (RMSE) 
t ■ travel time 

I ■ intercept time 

RMSE = root mean square 

A = distance 

V = velocity 

Pn phase: 

The readings from (i)the Troms0 shotpoint, (2) the Kristiansand 
and Grimstad shotpoints, and (3)the Fedje and Flora shotpoints have 
been investigated separately for the phase Pn and £^ , The results of 
all computations made are presented in Table 5. 

Table 5 shows that the apparent velocities obtained from the shot- 
points  in   Southern   Norway are   slightly higher   than   the     velocity 
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obtained from the Trom»0 ahotpoint in Northern Norway. If thl» is 
due to variatJons in the crustal structure and/or variations in the 
velocity in the Upper Mantle, can not be stated on the basis of these 
data. All Pn readings together gave the following results: 

tp^ . (7.6  + A/8.20)sec. (1.1 «ec) 

Pb phase: 

A strong phase is seen to follow the Pn phase in many seismo- 
grams. This phase has been identified as P^. Fig. K-C.3 shows 
an example of tae recordings of this phase at the Lillehammer array 
station. This phase can be seen as a very strong arrival on almost 
all Lillehammer seismograms obtained from the four shotpoints on 
the coast of Southern Norway. 

The Lillehammer array station lies within the distance range cf 
317 to 373km from the shotpoints on the coast of Southern Norway, 
The Pfr wave is usually a difficult wave to detect and it is therefore 
surprising to find a F\j phase with such relative large amplitudes. 
The head- wave I\ should decrease in amplitude relatively rapidly 
beyond the critical angle. A reflection from the Moho should have 
approximately the same travel time ao P5 in the above mentioned 
distance range and therefore a Moho-reflection cannot be excluded. 
However, the amplitudes and the travel times of this phase can 
easily be studied using observations from the temporary stations 
that were in operation in Southern Norway during this experiment. 
These phases will be studied in greater detail in a subsequent paper 
in this series. All readings of the phase identified as Pn gave the 
following  result: 

tj,    = (2.3  + A/6.60) sec.        (1.4 sec) 

P   phase: 

From seismic velocity measurements in surface rocks, it seems 
that velocities between 5.0 and 5.5 km/sec are very commonly ob- 
tained all over Scandinavia. These velocities increase downward 
within a few hundred meters to about 6.0 — 6.2 km/sec. A phase with 
this velocity has been observed as the first arrival up to a distance 
range of 80 to 90 km during previous refraction crustal studies in 
Scandinavia. The amplitude of the Pg phase decreases relatively 
rapidly and the Pg phase is seldom detectable after tne crossover 
with ?[, (80-90 km). 

Observations of Pg made during the present stuu/ for distances 
less than 100 km give the following result: 

tp   = (0.2  + A/6.13) sec (l.Zsec) 
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In many seismographs a phase that fits relatively well to th" 
least square fit given for Pg is observed as a later arrival out to 
about 950km. If all of these data are taken together, th.? following 
re'iult is obtained: 

t/p  ^ » (0.7 + V6. lS)sec.       (1.2 sec) 

Sn phase: 

This phase has been recorded in 85cases and the following least 
square fit to these data has beeb obtained: 

ts    -  (12.3 + A/4.66) sec (2.9 sec) 

On a travel time diagram a line that defines the Sfe phase is not 
observed. It should be stressed, however, that from the analysis of 
the data from the Lillehammer array station it is very difficult to 
identify phases within the S group from a usual seismogram. 

Sg/Lg phase: 

These phases are usually the strongest observed in the aeismo- 
grams. M. Bäth ( Seismological Institute, Uppsala, Seiamological 
Bulletin, August 1965) has found by comparing the records from the 
Swedish stations of the explosions at the Flora shotpoint on 28 and 
29 August 1965 that Sg dominates at distances A-^50, that Sg and Lg 
can exist together at 5°—7^°, and that Lg dominates at greater 
distances. For this reason, the calculation of the least square fit 
for Sg has been based on the readings from distances less than 500 
km. The following result was obtained: 

tsa = (O-1   + V3.58)sec (2.0sec) 

The  readings  above 500 km    that fit   relatively well to this line 
have been put into Tables 3 A — 3 C in parentheses. 

PHASE IDENTIFICATION   BASED   ON   ANALYSIS   OF  MAGNETIC 
TAPE SEISMOGRAMS FROM THE LILLEHAMMER ARRAY 
STATION 

Identification of later arrivals on seismograms from local events 
recorded at typical seismological stations is, in many cases, diffi- 
cult and at best uncertain. This is especially true for the S and sur- 
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face wave groups. Recording events on magnetic tape at an array 
stauon makes it possible to improve the phase idei "lificatlon. In this 
paper an example will be given demonstratingt. easibility ofpha^Ä 

identification on the basis of particle motion at the Lillehammer ar- 
ray staf  n. 

The Lillehammer array station is located about 120km north of 
Oslo, Fig.II-C.4 shows the array pattern for the station. The short- 
period seismometers used are the Benioff type peotech models 1051 
and 1101). The output of these instruments is amplified by phototube 
amplifiers. The data are recovered on a 14 —channel Ampex Model 
314 analog magnetic-tape recorder. The recordings are made at a 
tape speed of 0.3 inch per second. In addition to this recording, the 
individual seismometers Z 1- Z 7, the SPT and SPR, timing, and the 
sum of ZI —Z7 are recorded on a 16mm film recorder with a re- 
cording speed of 30mm/min. A 35mm film recorder records 3PZ3- 
SPR-SPT and timing. Time pulses are recorded on the film and 
magnetic tape every 10 sec. 

A method for separating earthquake phases using rotating of axes 
and particle motion hae been described by Sutton and Fbm«a:oy (1962). 
The same mctho 1 has been applied to some of the magnetic tape re- 
cordings from the seismic experiment in Norway in 1965. 

The method used is to play the output of the magnetic tape seis- 
mograms into potentiometers in the analog computer EAx - TR -48. 
The potentiometers' values are set to the sire and cosine of the 
angle between the SPR north direction and to the event under study 
(positive to right). Pure longitudinal and transverse traces are pro- 
duced from the N-S and E-W recorders by the transformation 

T s N sinG - EcosG 

L :  N cosG- EsinG 

where T is the transverse record and L is the longitudinal record. 
When the vertical and longitudinal traces arc multiplied together, 
the product, LZ, defines , away" and »up" motion as positive. This 
product LZ is positive for compressional-type particle motion and 
negative for SV-type particle motion. Pure Raleigh wave motion al- 
ternates in the positive and negative directions at twice the original 
frequency. This procedure separates surface particle motions of 
the following types: 

1) transverse or SH (T), 

2) vertically polarised-transvcrse or SV, 

3) longitudinal horizontal  (L)   and 

4) compressional (Z). 

A brief discussion of the instrumentation principles and of the effects 
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of differences In instrumental a^nplitude and phase response on thii 
procedure Is given by Sutton and Pomerpy (1963). 

In Fig. II-C. 5 an example of the use of this procedure is given. 
Playback recordings of the SPZ3, SPR and SPT seismograms, with 
a apeed up factor of 20, are shown In the three top traces. No fil- 
tering was used during the playback. The next t'vo traces show the 
transverse (T) and longitudinal horizontal (L) motion. The P- wave 
group is much weaker en the transverse component, as exp ^cted. As 
mentioned earlier, th<s 1^ wave is surprisingly weak compared with 
the head wave Pjj or Moho-reflection. The second trace from the 
bottom (LZ) shows that at this particular gain setting Pn c?n hardly 
be recognized, but the later part of the P group is very clearly de- 
fined. On all traces in Fig. II-C. 5 onsets can be seen proceeding Sn. 
The (LZ) trace shows that these onsets are of both P and S - wave 
types. The S« wave f :vrms a distinct onset on the (LZ) trace. The Sg 
phase shows very clearly on this trace as the strongest phase in the 
seismograms. 

By comparing Fig. II-C. 5 with Fig. II-C 3 the imorovement of the 
phase identifycatitn for the S-wave group can clearly be recognised. 

CONCLUSIONS AND DISCUSSIONS 

The seismic phase velocities which have been obtained during the 
present study are presented in Table 6, column I. Table 6, column II 
includes average velocities, given by Penttillä (1965), obtained during 
recent years in seismic refraction studios in Finland. In column III 
are given seismic velocities calculated by Sellevoll and Kanestrdm 
(1967,)'xm the basis of .travel times from an earthquake that 
occured on the coast outside Northern Norway and which was very 
well recorded by the Scandinavian seismologieal stations. In column 
IV are given some valocities reported by Sellevoll and Penttilä (1964) 
obtained during seismic refraction measurements in Northern Nor- 
way. The shotpoint was then located 44tern northwest of Trom80 and 
the recordings were made at four stations only, between Trom80 and 
Muonio in Finland (Fig. II-C. 1). 

From seismic refraction measurements in Jutland, (Denmark) 
Hirschleber, Hjelme and Sellevoll (Iv66) have obtained the following 
P-ve^ocities beneath a thick (som^ km) sedimentarv layer: 6,1 -6.6 
and 8.1 km/sec. 

The avsrage Pn and Sn velocities for Fennoscandia given in Table 
5 are very close 8.20 and 4.65 km/sec respectively. The present stu- 
dy indicates that the velocity for Pn as wel'. as for Sn is slightly 
higher from the shotpointe lin Southern Norway than from the shofc- 
point in Northern Norway. But the variation in the velocities for Pn 
and Sr   within Fennoscandia seems to be very small. 

The preoent study shows a P^ velocity of 6,6km/sec.  This  velo- 
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city,  as well ao th Pg ve'ocity,  i« in very good agreement with what 
have been found in Fm.'and   and Denmark during refraction studies. 

The average apparent P-velocities   for   Fennoscandia    obtained 
during this study fit the following model, assuming horizontal layers 
and constant velocity within each layer: 

1. layer ca   19 km 

2. layer  ca   19 km 

Thickness of 
the  crust        38 km 

An attempt has been made to cox relate the velocity obtained in 
Fennc:candia (The Baltic Shield) with the velocities obtained in the 
Canadian Shield. 

Table 6, columns VI, VII and VIII includes data which were ob- 
tained by Hodgson (1953a and 1953 b ) and Hall and Brisbin (1961) 
during seismic refraction studies in the Canadian Shield. 

Brune and Dorman (1963) have found, by measurements of i.hase 
velocities in the Canadian Shield, that phase and group velocities are 
higher than yet found in any other continental area. They found pre- 
dominant Lg arrivals with a velocity of about 3.65km/sec and an Sn 
arrival is recorded clearly to distances of about 4000 km with a ve- 
locity of about 4.72 km/sec. By fitting a theoretical model to the 
phase velocity data, Brune and Dorman obtained the best fit for a 
three-layered crust consisting of a 6km la/gr of shear velocity 3.64 
km/sec. and an 18.2km layer of shear velocity 3.85km/sec. 

From Table 6 it cai. be seen that 8.20 km/sec is a very well 
estaMished phese velocity for Pn both in Fennoscandia (the Baltic 
shield ) and the Canadian shield. 

On the basis of travel times from explosions, Hodsson ( 1953 a 
and b ), Hall and Brisbin (1961) have found a phase with a velocity of 
T.lOkm/sec. in the Canadian shield. Sucii a high velocity is not, in 
general, observed in the layer just above the Moho in Fennoscandia. 
In one case, Sellevoll and Kaneström (1967), however , a ve- 
locity of 7.39km/sec. with a corresponding shear wave with a velo- 
city of 4.21 km/sec is reported observed in Feiuioscandia. The usu- 
ally observed P velocity in the layer just above the Moho in Fenno- 
scandia averages about 6.60km/sec. Concerning this layer just 
above the Moho there seems to be a difference between Fennoscandia 
and the Canadian shield. 

The Pg values given in Table 6 indicate that the P« velocity may 
be slightly higher in the Canadian shield than in Fennoscandia. 

The Sn velocity for Fennoscandia seems to ä 4,66km/8ec. Hodg- 
son (1953 a) has found, from rockburst studies, an Sn velocity of 
4,85km/sec for the Canadian shield. Hall and Brisbin (1961), who 
based their study on time blasts, rbtained the velocity of 4.60km/sec 
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Brune and Dorman found that 4.72k:-n/f ec gave the best fit for their 
data. This indicates that the Sn velociu'es obtained in Fennoscandia 
and the Canadian shield are the same or very close to each other. 

The Sfc, wave,  which corresponds to P^ ,   is very difficult to iden- 
tify within the shear wave gr^  p.   On the  basis of Finnish data, the 
average velocity obtained for this phase is 3.75 km/sec for Finland. 

The Sg velocity given for Fenncscandia and the Canadian shield 
shows som scatter. But the average values (Table 6), however, seem 
to be almost the same for the two regions. Of great interest here is 
to mention that Brune and Dorman, on the basis of their phase velo- 
city data, found that a model with a 6km upper crustal layer and a 
shear velocity of 3,47km/sec and a second layer cf 10,5km wiih a 
shear velocity uJ '^km/sec gave the vest fit for their data from 
the Canadian shield. 

It should be mentioned that the present travel time study Includes 
rot only data from the Baltic shield, but also from its border zone, 
the Caledonides, which was mainly developed during the Cambro - 
Silur^n geological period. 
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NorthwMtfrn Europe with tome mam •tructural Urn of Prrcambritn 
(white line*), Caledonun (thick btaJi line»), and V'ariacian (Hercyitian) oro~ 
Kerne« Small white angular areat tnc «hile rtng in the Precambrian ol Sweden. 
Jown-fauited Cambro-Silurian BI-Bear liland, F.P.-Fiaherman'» Peninwla, 
A-Anday (with Mcscuok rock«), T-Troodhem, M-Mare. B-Bcr(e8. N C Nor- 
wcgian Channel, O-Oaloljorrt, Sc.-Scania, R-Rhin< Graben. In the aca area the 
S00 m denth-contour line hat been drawn and, oft aouthweaSem Norway, at»» 
the 200 m line. — Imet: map thowmg in black Prrcambrian of Canadian and 
Baltic Shieldt (E. Sue«), furthermore Ort^nh-x) Prrcambrian, and (oblique 

hatching) Caledonide« cf E Greenland and NW Europe 

Fig. II C. 1 
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Fig.II-C.2; Locations of seismic stations and shotpoint utilized in 
this study. Geographical coordinates for tl'u' seismic 
stations and shotpoints are given in Table I and II. 
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Fig.II-C.4:   Arrangement of the recording site  at   the  Lillehammer 
seismological array station. 
Z 1 ' * ' Z 7  Short period vertical recording   sites. 
Positions Z2:61o0.r l^N,  10o$l'58"E  H=555m. 
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Fig.II-C. 5:  Seiamogram« from the Flora   explotions    on 29 August. 
1965 illuatratiiig separation  of longitudinal and horizon- 
tal motion and P and SV type» of particle motion 
(4= 317.21 km).   The sensitivity  on  S+Z is  only 50% of 
SPR,  SPT,   T and L). 
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ti mam ■  
A sf,udy of a possible relocdiion of the seismic array station LHN (Liliehammer) 

in south-central Norway is first reported in Part I,  One new site is recommended. 

Part (I reports results obtained from three widly separated seismic refraction 

profiles in Norway    nd a travel time study for seismic waves in Fennoscandla. 

The Pn velocities       .. d are very close to 8. 20 km/sec.   Indications of a phase 

with velocity of 7. 50 km/sec are observed. A phase with a velocity of about 6. 60 

km/sec is well defined in th.      •iamograrns    The amplitude for this phase varie» 

strongly.  The velocity for the first direct longitudinal wave varies mostly from 

6. 00 km/sec to 6.15 km/sec.  A crustal thickness from 31 km to 38 km has been 

determined. 
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