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QUARTERLY NARRATIVE PROGRESS REPORT
NUMBCR 6

1 November 1966 +« 31 January 1967

ABSTRACT

The spectrum of seismic body phases radiated from sources
within the sarth's crust is distorted by multiplc re-
flections in the crustal layers. To estimate the crustal
distortion crustal transfer functions for P-waves have
been computed for sources having a simple radiation
pattern in the infinite nedium: the buried explosive
point source standiug for an underground explosion, and
the vertical point source acting at the free surface of
the crust amnd standing for an atmospheric explosion, The
crustal model is taken from Finland.

Radiation patterns have been computed for P-waves in the
frequency range from O to O.5 cps. An attempt has been
made to separatc the effect of the free surface from that
of *he layered crust in case of the explosive source.

The latter effect starts to be noticeable at frequencies
above 0.3 cps. Using tne model for the upper mantle model

in Lurope (Lehmann, 1959) the radiation patterns ihave been
insformed into amplitude-distance functions. Implications

. the intoerpretation of experimental amplitude=distance
curves of P-waves are discussed,
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l, INTRODUCTION

For the study of the nonelastic behavior of the upper
montle we want to use body phases from explosive sources
since tneir radiation pattern is comparatively simple.
These explosive sources are located within or on top of
tne crust, ilultiple reflections witihin the lavered carth's
crust are distorting trhe primary signal, originally
radiated by the source., Thercfore, the signal entering
tae upper mantle =t the base of the "source" crust is
different from the primary signal. Its spectrua will
depend on the elastic parameters and the density of the
layers within the crust, its thickness, the anale of
incidence and the depth of tha source. Also most earth=-
quakes occur within the crust of the earth. As an example
the depth distribution of hypocenters in South=Western
Germany is qgiven in Figure 1 (see Schneider, 1964).
Therefore, we have to ask to what extent will the ra-
diation pattern of shallow seismic sources be effected
by the source crust. If necessary corrections for the
effect of the source crust have to be applied.

The vertical point source acting on the free surface

of the laycred earth's crust will be used to estimate
the influence of the crust on the spectrum of seismic
body waves radiated by atmospheric explosions. The
explosive point source buried at some deptii within the
crust is our model for underground explosions. After
computing tine radiation pattern for the far-field at
different frequencies we will investigate how the normal
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amplitude~distance curve is cifectod by the distorted
~adiation pattern,

The formulas for the transfer function for P=waves for

st ety ARt

a system consisting of a point source within a layered
medium over a homogeneous half=space have been derived
by Fuchs (1966) using the thcory of liarkrider (1934)

for wave propagation from point sources in layuvred
media. Those formulas arsc valid for the far=-fiecld within

M

; the half=-space. The following assumptions regarding the
;! model "point source in the crust" have heen madet

(1) The actual source is approximated by a point source;
i.e. the dinensions of the source reqgion cen be
taken as small compared to tihe distance to tue
next boundary. with this limitation in mind the
poeint source may be placed at any Jdepth in a
layered medium.,

(2) The crust of the carth is approximated by a system
) of (n-=1) homogencous isotropic layers with plane
parallel interfaces. The top layer is specified
to be a free surface. Tae angle p is the angle of
inciacnce of P-waves in the nantle,

(3) The mantle, the éth layer, will be rejarded to be
"relatively homogeneous", By this we mean, generally
speaiiing, that the elastic propertics of tihe mantle
vary more gradually tnan they do in the crust.
Taereiore, we choodose tae nth larer to be a homo=-
gencous half-space.,

(4) The solution becomes invalid for‘/ = 90° due to

interference with tihe interface wave guided at the
base of the crust.
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2, TUL DRAUSFLR FUNCTION TOR A VLATICAL DOINT IORCE

AT THD FPREL SURPACE OF Tl CRUST

Phe vertical noint force at the free surface of tie
layered crust is taken as a first approximation of an
atiwospaeric explosion, Tiais point force is gaenerating

a Jourier transformed dilatational displacement potential

; (r,2) at a point (r,z) in tihe nalf-space:s

-i k R
. - an
- l o - (¢}
¢(r,z) = T COS Y » Av . 3

an

This forrmula is taken from fuchs (1966, eguation (2.,81))
withi slight modifications,

The following notation is used:

T(w = Fourier transformed source function
R ™ % a dilatational wave number in tie
n half=space
w = 27TV = angular frequency
Y = angle of incidence in the half-space
R = distance from the plumb point of

tiae source at the base of the crust
to the receiver at (r,z).

The quantity Zv contains the effect of tiae laycerced crust,

It iz a function of frenmuency, celastic parameters, tnickness
and density of tae layers and the angle of incidence vy

into thc half-space, It is computed from tne crustal

matrix as given by Fuchs (19506).

(1)
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From cquation (1) tihe urier transformed total dila-

}'.
tational displacerment U, (r,z) at (r,z) is derived:

- .I_‘ - n-l}'\antt\
ur(r,z) =T1-r o COS y o Av' =
Tae factor: T{w,y) = L COSY &
0 27 v

may be regarded as the transfer function for the svsten
vertical noint source at the free surface of the layerd
crust. T(w,y) has been computed on the IB!II 7094 of tie
German Computer Ceater at Darmstadt, Ve have chosen tie
model NUR 1 from Pinland listed in Table 1 (Penttild,

1565) as an cstimate for the crust under dovaja Zenmlja,

deptn Taicknes o g Density

(1) (i) (l.m/s3) (kr/3) (g/cr”™)
2.5 2.2 5,73 3.52 2,50
20.? 13,0 5,95 3.52 2,37
29.6 3.2 637 3.72 2,95
' Ge23 4,50 3.43

Tavle 1l: <Crustal liodel JUR 1 = Finland (Penttili, 1945)

I'ijyurc 2 depicts T{v,y) for various anqgle of incideace
(y = 200, 300, 40° arnd SOO) in tac frequency ran-ge
0=v=0,5 cps. Strony deformation of the radiation
pattern is to be cxpected above 0,1 cps., The maxima of
(v , 20°%) are nearly coinciding with the minima of
T(v , 500) and vice versa,

Tue radiation pattera for tae freguencies ¥V = 0 to 0,5 cps
arce given in Figure 3 at increments of 0,05 cps. Only

the rigat aalf sides of tae radiation patterns have becn

(2)

(3)
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0.00 cps

0.05 cps

0.10 cps

)
"

0.15 cps

0.20 cps

0.25 ¢ps

0.30cps

0.35 cps

\ 0.40 cps

S
)

0.45 cps

s AV

0.50 cps

VERTICAL
POINT FORCE

CRUST NUR 1

i, 3: aAadiation pacterns Zor tace vertical poiat source on Lop
of wrust nus 1 (see Tavle 1) (v = 0,0 to 0.5 cpu).,
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araun, Tac left half sides are symmetrical., at 0,0 ¢cp3

thae radiation pattern corresponds to that of the vertical
roint forcc actiny at tiae free surface of a homoconcous
nali=-space of suberustal material, As the frequency is
increasinyg tihc radiation nattern is gradually distorted.
at some frerucineies (e.g. 0,10, 0,20, 0,30 ¢ns) the
rnaxinal encroy is no lonjer radiated at y = Oo, that is
vertically into tie acli-space, but at angles y bwetween
20° and 40°, The cffect on tac amplitude=distance function

will be discussed in section 4.,

3. Tul TRAGSILR TUUCTION TOR Al DBAPLOSIVC POINT SOURCL

AT UTDPRH IU TUE CRUST

Tne transicr function for an cxplosive point source
buried at some depth in the crust has alsc ween derived
by fucas (1966). This transfer function Tl(w,v) is defiancd
as tae ratio of the displacerment caused by the explosive
ncint source in the crust to the displacement that would
nave oeen caused if tie same source had been located in

an infinitc homogenccns nedium of subcrustal material at
tac plunbh point of the source at the basc of the crust.

It is again a function of frequency, clastic parancters,
tiiickness and density of the crustal layers and tac anqgle

of incidence in tae half-space.

A3 aa example of an underqground explosion the traasfer
function for an ¢xplosive point source at a depth of
SCO 1 withdia the crustal wodel IUR 1 has been computed,
ne radiation pattern for the Ir2quencies v = 0,0 to

0.5 cps at 0,05 cps increcuents are given in Tiqure 4,
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‘i“~\4&05 cps J.10 ¢ps |
\D' ';

0.25 ¢ps

C.00cps

0.40 cps

RPLOSIVE
POINT SOURCE

CRUST NJR1
DEPTH 0.5 km

Tiv, i ladiation pattersns for the Luried ciplosive point source
in tae crust LUs 1 (Table 1) at deptih 500 m (v = 0,0 €0 U Cru)
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Tae radiation pattern oi tne exnlosive source differs

siynificantly froam that of the vertical point force,
Ia tihe case of tace buricd explosive source a strong
prinary reflection is <enerated at thae free surface
of tae crust, Its interifcrence with the primary wave
is dominating the radiation pattern. Tals strong re=
flection is5 anscent in the case of the vertical point

source at tie free surface,

at 0,0 cps, where tac croust is5 igunored, the radiation
nattern 35 tiaat of an explosive dipole in an infinite
icaiun, walcn radiates no eaerqgy in the direction of
tace dipole axis, A5 tie frecuency increases tac finite
aistance of tne source from tae free surface allows
enerqgy also to be emitted at y = 0%, ihe direction of

tace radiation of maxinmal enerqgy is a function of frequency.

It is importaat to gcot an estinate of that part of the
transfer function wiaicn is caused by the free surface
alone and taat part winich is caused by the layering of

tic crust, While the first part is the sama for all

crustal models = provided tae source is located at a

corresponding depti = tac sccond part will vary wvith

tiue ¢r stal model. Jor comparison we have placed tae
} explosive point source in a homogacneous half-=space of
‘ tae suwcrustal material of tae (UR 1 model, but at a
depta of 715 m. dals depta has been cihosen in sucha a
way taat tac travel timg for the P=wave from thc source
to tac free surface remains the same at normal iancidence
as ia the case eof the source in tae NUR 1 crust at a
depta of 500 me The radiation patterns are drawa in
Fijure 5. Lspecially for frequencies larger tiian 0.3 cps
tac radiatioan patterns for tae explosive source buried

in the horogeneous half-space are much smoother than

for tae same source buried in the layecred crust,
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~_0.00 cps 0.05 cps 0.10 ¢ps
015 cps 0.20 cps 0.25¢ps
0.30 cps JS cps 0.40Gcps

0.45 cps

0.50 cps

EXPLOSIVE
POINT SOURCE

- HOMOGENEOUS

HALF-SPACE
DEPTH 0.715km

SlereDs

Rauiation patterns for thc wouried ~x»nlosive point source in
nalf=space at dept: 15 m (v = 0,0 to 0.5 ¢ps)

tace aoinoyeneous
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40 study tac effcct of tae source depta tie explosive
source aas also ween placed at a depta of 25 Kk in
tue crust LU 1, the roliatioa patteras are givea in
rijgare $,. liow strong caerqgy is radiated vertically
iato tac aalf=space (y = DO) at comparatively low

renuciacies of ambout 0,00 ¢ps, liere the direct wave

2}

th

rom tue source and tie reilection from tice free

surface are intericring constructively, 7o cstimate

the cffect of the free surface alone, tac radiation
pattern of the explosive source in a honogencous
nalf=space of suwcrustal material is depicted in Tiqure 7.
The depta of tace source is 32,4 km with cqual travel time

to tuae surface at normal incidence.

A comparison of tie radiation patterns of rigure 6
and 7 siows toat there are considerable differences.,
Only in the range from O to O.1 ¢ps tae patterns saov
similar shape. Tor larger frequencies tiae influcnce
oi tile crust causes appreciaole deformation of tae

racdiation patterns,

4, TUD IUTLULKHCD OF TUlZ [ADTATION DPATINRL O Tl

AQTPLITUDE-0I8TAGCE TUNCT1ON

RaGition patterns cannot be owserved directly. iiat
w2 Jo owbserve arc arplitudes as a function of cpicentral
aistances, Jo uwnderstand ilov tue amplitude distance

function is cffccted by the radiation pattera, especially

i)
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o 0.00 cps 0.05 cps

-

010 cps |

015 cps - 0.20 cps

N 0.25¢cps |

B

) 0.30 cps Q 035 cps

0.40 cps

0.45 cps m 050 cps

EXPLOSIVE
POINT SOURCE

CRUST NUR 1
DEPTH 25 km

Jij.508 asadiation patterns for the buried cxplosive point source
ia the crust JUX 1 (Tuole 1) at deptihv 25 knm

(v = 0,0 to 7,5 cps)
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0.00 cps

7 0.05 cps
- . . )

0.10 cps

0.15 cps

5 0.20cps

G 0.25¢ps

§ 0.35 cps

N.40 cps

| ®/ 0.50cps

EXPLOSIVE
POINT SOURCE

HOMOGENEOQUS
HALF- SPACE
DEF7H 32.4 km

cps)

Radiation patterns for the ouried cxplosive point source
in the horogencous nalf=gpace at depta 32.4 km
(\) = 0.0 tO 005
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for waves peanctrating the upper mantle, we have con=-
verted the angle of incidence y at the basce of the

crust into epicentral distances A. The best model knowa
for the upper mantle in llurope is thne one derived by
Lehmann (1959) . It is listed in Table 2 and depicted

in Piqure 3. The same figure also gives the branciies

of the T = & = diagram of the refracted and overcritically
reflected P=waves for tiis model, Travel tines have been
reduced with 4/6.0(xkn/ (km/sec)) . The branch A corresponds
to tue waves refracted between tie li=discoatinuity at

a depth of 35 kn and tie first order discontinuity at

220 km, branch & is the overcritical :reflection from

tais discontinuity at a deptih of 220 km, branch C
corresponds to rays penctrating tae upgper mantle at
acptas larqger than 220 knms.,

Tae y = & = curve for tiis model of the Iluropean upper
mantle has been computed for a surface focus and is
shown in Figure 9., Tae oranches have again been labelled

A,5 and C using tie notation of Figqure 7.

This y = & = curve has now been usced to convert tie
radiation patterns T(y,v) into an amplitude=-distance
fraction T(4,v) of epicentral distance 4 and freruency v.
T(A,v) does not contain a correction for geonmetrical
ghrnading ana amplitude splitting at first order dis-
cou..cinuitices. It is so to speak a projection of tae
radiation pattern on the free surface of tihe spnerical

carta following the ray patis in the upper mantle,

Tne amplitude=distance function 1(4,v) has been plotted
in Figure 10 for tuc explosive point source at 500 n
denth in tne crustal model JUR 1 and for the vertical
point force acting on tie sane crust in Figqure 11, Tae

frcquency range is 0,0 to 0.5 ¢ps in increments of 0,05 cps,
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Jentin Radius P=velocity
(km) (km) (km/scc)
O 6370 G.2
35 6335 642
35 6335 8.0
55 6315 3.12
95 6275 8.12
159 6211 8412
220 6150 Bal2
220 6150 3440
236 6034 3463
319 6021 3435
412 5953 9,24
476 5394 9.54
539 5331 9.36
602 5763 10,13
GGG 5704 10.53
729 5641l 10.89
793 5577 11.26

Taole 2:

P-vave velocities of tiae upper mantle in Europe

(Lehmann, 1959)
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500 1000 1500 2000 2500 3000

| —>A(km)

- 800
A
‘\\ﬁ_.,

- 70°

;

|
L 600

T-4A- CURVE

P-WAVES

EUROPEAN UPPER
MANTLE MODEL
" 50° (LEHMANN, 1959)

( SURFACE FOCUS )

i ANGLE OF INCIDENCE
AT BASE OF RECEIVER CRUST

L LOO
.@.A ©
59 10° 15¢ 20° ( )2§°
P10

for Curopean upper mantlc nodel (see raigure 38).

angle of incidence y at base of crust to distance 4 rclation
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Tie following points descrve special attention in tae

casce of the explosive source (Figura 9):

l1.) Within the frequency range O to 0.5 cps the
radiation pattern of tic explosive source is
causing a rclative increasc of anplitudes witn
Gistance along the refracted branch A, This
inplies that any observed amplitude attcenuation
along brancih A should be even stronger if corrected
for the cffect of the radiation pattern.

2.) Amplitudes along tha hranch 3 are slightly de-

crecasca with distance by tae radiation pattern,

3.) The most significant effect of the radiation pattern

is to be obsecrved along tuac Hranch ¢, The rmaximum
of tihe radiation pattern occurs on tais branci

at cpicentral distances A between 11° ana 21°,

I'cr most frequencies armplitudes are strongly
decreasing beyond tais maximum, Tais 1s especially
truc at the following frequeancics: 0,0, 0,05, 0.1,
0e2, G425, 0435, 0,45 and 0,5 cps. Only at C.4 cps
amplitudes are increasing wvitn aistance. In tuce
casc of 0,0, 0,05, 0,2 and 0,25 cps the amplitude
decrcasc amounts to about 40 < betwcen distances

s = 11° ana 27°,

It snould ho noted that the distance range of this
strong dccrease of amplitudes coincides with a nininun
in experimental amplitude distance curves for P and
P=wvavez oy Gutenberg, Richiter (1956), de Bremacecker
(1955) and Vanel, Stelzner (1962), It is possible that
tuis minioam is not caused vy geometrical spreading of

tae ray .undle or nou=clastic nehavior of the penetrated




rcyion but siniply by tae radiation pattern of the
sourcce in tue crust, The anplitude=distance function
for P=waves radiated from tile vertical point source
{(Figure 10) differs consideravly from taat of the
explosive source. winlle the benavior of tihe amplitudes
aloag branches a,3 nas tue same tendency as in the

case of tae explosive point source = an apparent
iicrease of amplitudes witihv distance caused by the
radiation pattern = the amplitudes along branch C
aisplay a strong increasce of about 100 % in the
aistance range 4 Irom 11° to 270. Therefore, experiment-
ally determined amplitude-distance function from under-
sroand explosions should show stronger attenuation than

corresponding functions from atmospheric exnlosions,

Ve arc planning to comnare cxperimental data from both
typ s of cxplosions to study the theoretical predicted
ceifect, vie shall also investigate how variations of tae
crustal parameters will influence the amplitude distance
function,
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a)

)

c)

administrative Infcrmation

Jochinical Ckatus

Lqguiprent for tac digitization of paper and film
seismoqgrains nas been installed at our institute during
JDecerwer '9606., At prc ent we arc testing the data on
the punched paper tape aad the transfer to our programs
for spectral analysis at the Ioil 7094 of tiace Cerman
Computcr Cente. in oarmstadt, The general overaau

oL tue various sihort-period seismometers at tae

Graefenberg Ouservatory (3GGR) aas continued.

linjor Accomnlisinents

Our ciforts concentrated oa a study of the distortion
of the spectrwa of scisnmic body waves by the crust

in tae neighborhood of the source, Radiation patterns
and amplitude=distance functions have been computed
for tihe buried explosive source and tie vertical point
source at the free surface of the crust,

'The routine maintenance at tie tecnnical installations
of the Graefenberg Ouservatory continued, The systematic
ieasurenents of seismic baciiground noisc at various

places in Germany are still in progress,

Pronlens encountered

Sae GUOTLCH low=speed tape recorders are still out of

order, They will he returned to Sallas (Texas) for repair,




o

e

d)

e)

£)

Actions recuired by A0SR and DOAR

2o immediate action of AFOSR and IOAR is requirad

at this tine,

“uture w»nlans

tiork will continue along the lines of our oriqginal

project outline., The special study cf the cffect of
radiation patteras on ampylitude distance functions

will be carried on,

Personal and Orqanization

Sincc Geptember 1, 1966 (irs. bLleisch is cmployed as

a half-day secrectary at tile Gracfenberg Ouservatory.
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