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Reflection and Transmission of Surface Waves at a Vertical Discontinuity 

and Imaging of Lateral Heterogeneity Using Reflected Fundamental 

Rayleigh Waves 

by T. Meier, P. G. Malischewsky, and H. Neunh6fer 

Abstract We present a technique for the determination of  approximate reflection 
and transmission coefficients of surface-wave modes for a vertical plane discontinuity 
that is simple to use. It is applied to different models of  lateral heterogeneity. Fur- 
thermore, a method for the localization of lateral heterogeneity using the coda of  the 
fundamental Rayleigh mode is proposed. In particular, the frequency content of sur- 
face waves enables the investigation of  the lower crust and the uppermost mantle. 
Lateral changes of  the S-wave velocity, density, and P-wave velocity lead to the 
formation of  the coda of the fundamental Rayleigh mode that contains delayed sur- 
face waves that reach the recording station indirectly. The complicated structure of 
the coda makes it impossible to identify reflected surface waves visually using a 
small number of  recordings only. Coda waveforms of a large number of source- 
station pairs are inverted simultaneously for experimental reflection coefficients. The 
method is successfully tested using an ultrasonic model experiment. Finally, it is 
applied to Central Europe and especially to the Tornquist zone (TZ), mainly using 
records of the German Regional Seismological Network (GRSN). The resulting re- 
flection coefficients depend on frequency and give an image of the location of re- 
flectors. 

Introduction 

The investigation of surface waves can yield useful in- 
formation especially about the S-wave velocity structure of 
the crust and the upper mantle. Smooth and sharp lateral 
changes of the structure affect the propagation of surface 
waves. For example, Levshin (1985) discussed different fac- 
tors that could influence surface waves in a laterally inhom- 
ogeneous medium. An indication of the presence of strong 
lateral changes is the existence of the surface-wave coda, 
which contains delayed surface waves that reach the record- 
ing station indirectly. The surface-wave coda can be studied 
for lateral heterogeneity. Aki and Chouet (1975) develop a 
statistical approach that is based on coda Q. Levshin and 
Berteussen (1979) use an array to determine directions of 
propagation of secondary surface waves within the coda. 
Snieder (1986, 1988) and Snieder and Nolet (1987) describe 
surface-wave scattering with the help of the Born approxi- 
mation and develop an inversion scheme for S-wave velocity 
that is applied to the direct fundamental Rayleigh mode and 
the coda of the fundamental Rayleigh mode. 

Here reflection and transmission at a vertical disconti- 
nuity are considered to describe the interaction of surface 
waves with strong and sharp lateral heterogeneity. First, a 
method for the approximation of reflection and transmission 

coefficients for a given discontinuity is discussed and ap- 
plied to different discontinuities. Second, an attempt is made 
to determine reflection coefficients by inverting a large num- 
ber of recordings simultaneously. A linear inversion is car- 
fled out to determine reflection coefficients that nonlinearly 
depend on the structural parameters. The method is tested 
by an ultrasonic experiment, and it is applied to Central Eu- 
rope, especially to the Tornquist zone (TZ), by using broad- 
band records of the German Regional Seismological Net- 
work (GRSN) (Hanka, 1990). In this analysis, we use the 
vertical components of reflected fundamental modes of Ray- 
leigh waves. 

Approximation of  Reflection Coefficients 
for Surface Waves 

Models with lateral changes that are abrupt in compar- 
ison to the wavelength of the surface waves are considered. 
Such models can be justified for certain geological structures, 
because the observed wavelengths of surface waves for fre- 
quencies lower than 50 mHz are larger than 50 kin. Fur- 
thermore, we restrict ourselves to a plane vertical disconti- 
nuity between two layered quarter spaces and to plane waves. 

1648 
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Exact reflection and transmission coefficients for sur- 
face waves can be determined analytically for very few spe- 
cial cases only, for example, for the so-called Sato model 
(Sato, 1961) or by using the elaborate Wiener-Hopf tech- 
nique, for an impedance jump on an impedance surface 
(Malischewsky, 1987). Furthermore, for closed wave guides, 
it is possible to find exact solutions by expanding into ap- 
propriate eigenfunctions (e.g., Stange and Friederich, 1992). 
For open wave guides with general discontinuities, approx- 
imation techniques have to be applied. Essentially, these 
techniques are based upon the Green's function method 
(e.g., Its and Yanovskaya, 1985; Keilis-Borok, 1989), the 
method of coupled modes (e.g., Kennett, 1984; Maupin and 
Kennett, 1987), or the so-called mode-matching techniques 
(Alsop, 1966). Gregersen and Alsop (1974) applied another 
method by exactly fulfilling the boundary conditions on the 
discontinuity but not on the free surface. Malischewsky 
(1979, 1987) proposed a criterion based upon the mode- 
matching technique for the estimation of the reflection and 
transmission coefficients. The criterion can be brought into 
a form well suited for programming, and it yields results that 
are in good agreement to the results presented by Its and 
Yanovskaya (1985). The criterion concerns incomplete ei- 
genfunction sets and is in conformity with the theory of con- 
nectivity and biorthogonality. The range of validity of this 
approximation was extensively discussed by Malischewsky 
(1987) by using various simple test cases. In many cases, 
the results are encouraging; however, there is no rule of 
thumb for the general case. 

We consider two quarter spaces (medium 1 and medium 
2), welded along the plane x~ = 0. The free surface is located 
at x3 = 0. According to Malischewsky (1976), the cartesian 
components (i = 1, 2, 3) of the eigenfunctions (depending 
on frequency and depth x3) may be written for the displace- 
ments as 

51lUll + 53iU~, a = 0 . . . . .  M , n ,  

U~i = (~2iU~2, ol = M m + 1 . . . . .  N m ,  (1) 
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Figure 1. Left: Density, S- and P-wave velocity as 
a function of depth for two models at four vertical 
discontinuities (solid line, model 1; dashed line, 
model 2). Right: Reflection coefficient of the reflected 
fundamental Rayleigh mode as a function of period 
for perpendicular incidence of a fundamental Ray- 
leigh mode. 

and analogously for the stresses as 

{ (~il(~jlS~l -[- (5i2(~j28~2 -[- (~i36~j38~3 -}- 
((~i1(~j3 Ac (~i36~jl) 8~3 , oz = 0 . . . . .  M m, 

S~ = ( a i 1 4 2  -{- ( ~ i 2 4 1 ) S ~ 2  -~ ( a i 2 4 3  "t- 0 i 3 ~ 2  ) S a 23 

oe = M m  "-k 1 . . . . .  N m .  

(2) 

Here, m stands for medium 1 or 2 and a is the mode index. 
It runs over the Rayleigh modes (a = 0 . . . . .  Mm) and over 
the Love modes (a  = M m + 1 , . . . ,  Nm) as well. For brevity, 
we drop the medium index at the eigenfunctions, but the 
index m in Mm and Nm refers to the medium under consid- 
eration. The components U~I and U~2 are imaginary, and U~3 
is real. The behavior of the stress components is straightfor- 
ward; especially Sn and $12 are real, and $13 is imaginary. 

For the calculation of the reflection and transmission coef- 
ficients, it is convenient to normalize the eigenfunctions ac- 
cording to 

ico4 f (U~jS~I] - U]* S~) dx 3 : (~afl, ot,~ = O, . . . , N m. 
o 

(3) 

The star denotes complex conjugation, and Einstein's con- 
vention is understood for the lower index. Here we assume 
that plane surface waves that transport unit energy are prop- 
agating into direction Xl. In this manner, the reflection and 
transmission coefficients refer to energy. In medium 1, a 
non-normally incident surface-wave mode is assumed, 
whose mode index is dropped for brevity. All horizontal 
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Figure 2. Absolute value of reflection and transmission coefficients as a function of 
period and mode number for the model in Figure 1 on the bottom left. Top: Reflected 
and transmitted Rayleigh modes for a perpendicularly incident fundamental Rayleigh 
mode. Absolute values of transmission coefficients of the fundamental Rayleigh mode 
are cut at 0.025. Bottom: Reflected and transmitted Love modes for an obliquely in- 
cident fundamental Rayleigh mode (angle of incidence: 25°). 

wavenumbers  satisfy Snel l ' s  law. The boundary conditions 
for xl = 0 express the continuity of  displacements and 
stresses. At  the same time, they define the reflection and 
transmission coefficients a ~ and b v, respectively, 

N 1 N2 
U, + ~ a~O~ = ~ b~O~ ' + G~, 

a = 0  v = 0  

N1 N2 

G +  ~ a  ° & =  ~ b ~ s ~ ,  + s , , -  
a = 0  v = 0  

(4) 

The tilde characterizes non-normal incidence. By applying 
the rotation tensor on modes propagating in x~ direction, it 
can be shown that for Rayleigh modes 

01 = cos~0U1, U2 = sinuoUs, 03 = U3, 

= r ~cos(o~U~l, 0~ = sin(0~U~, ~3 = U~, 

S l l  = c o s 2  ~ S l l  q- sin2 ~°$22,  

1 . 
8 1 2  = 2 s i n  (2(o) ( S l l  - $ 2 2 ) ,  

~q13 = cos q~$13, 

g~l = c°s2 (°~S~I + sin2 q~'~S~2, 

~ 1 a _ S  a S~2 = ~r sin (2¢  ~) (S~1 22) ,  

a 
~q~3 = ra cos (o St3, 

and for Love modes 

(5) 
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Figure 3. Reflection and transmission co- 
efficients as a function of angle of incidence 
for the case of an incoming and outgoing fun- 
damental Rayleigh mode for the model in Fig- 
ure 1 on the bottom left for 83-sec period. 

U1 = --  s i n  q~Uz, 

O~ = - sin q~U~, 

Su = - sin (2e) Sa:, 

81:  = COS (2{o) 812 , 

$13 = - sin ~0S23, 

S~ = - r  a sin (2q~ ~) S~2, 

S~2 = cos (2{o ~) S~:, 

S~3 = - sin (])as~3. 

U2 = cos ~gU:, 03 = 0 ,  

= rac°scp~U~> ~3 = 0, 

(6) 

For reflected modes, the angle q~a is the reflection angle. For 
transmitted modes, (p~ is the transmission angle. The angle 
of  incidence fp and the transmission angle q~ are the angles 
between the direction of  propagation and the positive x 1 di- 
rection. For reflected modes, q~ is the angle between the 
direction of  propagation and the negative Xl direction. By 
definition, all angles are positive. The quantity r ~ is + 1 for 
transmitted modes and - 1 for reflected ones. For reflected 
and transmitted modes propagating non-normally in medium 
m, a modified orthogonality relation (Malischewsky, 1987) 

4r  a cos (pa 
0 

= 5 ~ ,  a, f l  = 0 . . . . .  N m (7) 

holds. The residues/~i and Sli in (4) summarize the contri- 
butions from neglected modes and body waves as well. Be- 
cause of  these residues, the reflection and transmission co- 
efficients have to be approximated, ff a finite set of  discrete 
modes is considered, Malischewsky (1987) proposes to min- 
imize 

o o  

F: = ; ( a ,&  - a*&0d*3 
o 

(8) 

to obtain approximated coefficients. Based on (8), in the fol- 
lowing we formulate a linear system of equations for the 
approximation of  reflection and transmission coefficients for 

a finite set of  discrete propagating surface-wave modes. By 
taking the corresponding quantities from (4) and carrying 
o u t  

= 0 ,  a =  0 . . . . .  N1, 
Oa a 

OF2 
- 0 ,  v = 0  . . . . .  N2, 

Ob v 

(9) 

we obtain, after some algebra, a symmetric and linear system 
of equations for the reflection and transmissions coefficients. 
By using (7), it can be written as 

N2 

U 1 = - 4 i a a c o s ~ o  a + ~ bV~ v, a = 0 . . . . .  N1, 
(.O v=0 

N1 

- F 3  = ~ aa ~ ~ + 4ibV cos  ~oV, v = 0 . . . . .  N2 
a = 0  CO 

(10) 

with 

e o  

= f (0/g~* - ~*3.)ax3,  
o 

c o  

~v = f (~i~Vl~ _ Uy* S~i)dx3, 
o 

o 

a = 0 . . . . .  N1, 

a = 0 . . . . .  N1, 

v = 0  . . . . .  N2, 

v = 0  . . . . .  N2. 

(11) 

If  mode index a of  the reflected mode is equal to the index 
of  the incident mode, ~ equals zero. The integration in (11) 
can be performed analytically for layers with constant prop- 
erties. Inserting (5) and (6) in (11), the reflection and trans- 
mission angles appear in factors outside of  the integration 
over depth. The system of equations (10) can be transformed 
into another one for a a alone: 
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Figure 4. Top: Density, S- and P-wave ve- 
locity as a function of depth for a simplified 
model of the TTZ (profile LT-4); solid line, 
southwest of TTZ; dashed line, northwest of 
TTZ. Middle: Absolute value of surface ratios 
for reflection and transmission of the funda- 
mental Rayleigh mode for perpendicular in- 
cidence of a fundamental Rayleigh mode. 
Bottom: Absolute value of surface ratios for 
reflected and transmitted Rayleigh modes as a 
function of period and mode for perpendicular 
incidence of a fundamental Rayleigh mode. 
Absolute values of surface ratio for the fun- 
damental Rayleigh mode are cut at 0.0121. 

ico 1 ~ ( 4 
~ - - o - - I ~ 2  vff3 = i ~ a s - - - c o s ~ S a / ~  I{ - -~- = cos q~ a=0 co 

N2 ___k_l 
+ ~,__~oCOS~OV 2 ,2] ,  fl = 0 . . . . .  N1, (12) 

and the transmission coefficients b ~ follow as 

bv i°9 ( N1 ) 
- - -  2 , v 0, ,N2. (13) 

4 c o s q  ~v F3 + ~=o ~ a ~ V  = " ' "  

It should be noted that for non-normal incidence, the trans- 
mission coefficients can be greater than unity, because the 
energy flux fulfills (Malischewsky, 1987) 

N1 ~0 a Nz COS~0 v v 2  < cos (aa) 2 + ~ - - ( b )  = 1. 
a = 0  COS ~0 v = 0  COS (p 

(14) 

The equality sign in (14) holds for a complete mode set. We 
illustrate the approximation of  the coefficients with a few 
examples. In each case, an incoming fundamental Rayleigh 
mode is considered. In Figure 1, we show how different 
depths of  the lateral heterogeneity affect the frequency de- 
pendence of  the reflection coefficient of  the fundamental 
Rayleigh mode. Normal incidence of  a fundamental Ray- 
leigh mode is considered, and all propagating surface-wave 
modes up to the 14th higher Love and Rayleigh mode, if 
present, were taken into account to obtain reflection and 
transmission coefficients. A step of  the Moho from 35 to 40 
krn yields maximal reflection coefficients for the fundamen- 
tal mode for periods between 25 and 30 see. For lateral 
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Figure 5. A profile of the ultrasonic exper- 
iment. Travel-time curves for Rayleigh modes 
reflected at the model edges are indicated. 

changes in the lower lithosphere by 2%, the maximal ab- 
solute value of the reflection coefficient is obtained around 
40 sec. If  a lateral change by 2% is present in the astheno- 
sphere, the maximal values occur between 60 and 120 sec 
period. In Figure 1 (bottom), a Moho step and lateral changes 
in the asthenosphere are combined. In this case, extremal 
values occur around 25 and 110 sec. Absolute values for 
reflection and transmission coefficients for the model on the 
bottom of Figure 1 are shown in Figure 2 for Rayleigh modes 
(top) and Love modes (bottom). Conversions to higher Ray- 
leigh modes and for oblique incidence also to Love modes 
are likely. Conversions to reflected higher Rayleigh modes 
seem to be stronger if the reflection coefficient of the fun- 
damental Rayleigh mode is small. Figure 3 shows an ex- 
ample for the dependence of the reflection and transmission 
coefficients on the angle of incidence. Moderate dependence 
on the angle of incidence is obtained for angles of incidence 
smaller than 30 °. Finally, based on the results of Guterch et 
al. (1986) and Grabowska and Raczynska (1991), a simple 
model of the Tornquist-Teisseyre zone (TTZ) as a part of 
the Tornquist zone (TZ) was constructed combining different 
properties of this zone in one vertical discontinuity. Figure 
4 presents the calculated surface ratios that contain the re- 
flection and transmission coefficients and the displacements 
of the modes at the surface. Reflection coefficients up to 1% 
and mode conversion is expected at the TTZ according to 
this conservative estimate. 

Algor i thm for the Analysis  of  
the Rayle igh-Wave  Coda 

In this section, an algorithm for the determination of 
reflection coefficients is developed. We are especially inter- 
ested in determining reflection coefficients for discontinui- 
ties nearby a regional network using teleseismic events. Only 
the vertical components of fundamental Rayleigh modes are 

considered, and therefore, mode and component index are 
omitted. In principle, it is possible to extend the algorithm 
to the horizontal components and to a set of modes as well. 

The model of the coda for a given source-station pair i, 
i =  1 . . . . .  N, is 

J 

U~ = U~o + ~] U o, (15) 
j=l 

where U~ 0 is the direct wave and Uij are reflected waves. 
Since multiple reflections are excluded, j is the index of the 
discontinuity. We may define a quantity Gij that is 

Ui/ (16) 
G,j = U;0nj(q,;) 

if the reflected wave reaches the station or zero otherwise. 
Gq describes the additional propagation of the reflected wave 
to the discontinuity and from the discontinuity to the station 
in respect to the direct wave including geometrical spreading 
and damping and takes the different excitation of reflected 
and direct wave into account. The Rj(~o~) describe the un- 
known interactions with the discontinuities that in agreement 
to the previous section are assumed to be real. Using (16), 
equation (15) can be written as 

J 

us = Uio + ~ UioG~jRj(~oi) (17)  
j = l  

or with deconvolution by an estimate of Uio 

J 

D i --  Ui - 1 ~- E Gijgj(@i). ( 1 8 )  

gio j= 1 

It is possible to look at different narrow-frequency bands 
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Figure 6. Top: Reconstruction of the model using 
reflected Rayleigh waves. Absolute values of the di- 
mensionless interaction coefficients, IRjl, are shown. 
On the axes, coordinates in centimeters are given. 
Model edges are indicated. Bottom: Sample points for 
which the Rj are determined. 

separately by applying a set of filters F ( ~ )  with different 
narrow-frequency windows in which the Rj((o i) are assumed 
to be independent on frequency. The data D/split  up into a 
set of data Di(o)n): 

J 

Di(con) = F(co,) + ~ Gij(COn)Rj((pi,(.On). (19) 
j = l  

In the time domain and after applying a time window ex- 
cluding the direct wave and containing the coda, we obtain 

J 

di(t, con)= ~ gij(t, co~)Rj(~oi,con). (20) 
j = l  

For the estimation of the Rj((Pi, con), the following two steps 
are carried out. First, we assume a large number of possible 
discontinuities J. For instance, discontinuities with different 
strikes may be attached to sample points of the region under 
consideration. Second, if the reflection points and the angles 
of incidence for different source-station pairs i and a given 
discontinuity j are similar, we assume the Rj((0i,co,) to be 
identical. Therefore, the number of unknowns decreases. If  
Gij(o)~) is modeled, equation (20) represents a linear system 
of equations for the determination of the unknown interac- 
tions Rj((0i,con). It can be solved for different frequencies sep- 
arately in a least-squares sense. The results are a function of 
co n. High values of Rj(fpi,co,) indicate lateral heterogeneity. 
Small values should indicate lateral homogeneity. Consid- 
ering the strike of a discontinuity obtained by the inversion 
and the directions of incoming and outgoing waves, it is 
possible to distinguish between reflections and refractions. 
If reflection occurs, the Rj((,oi,O)n) c a r l  be interpreted as esti- 
mates of reflection coefficients. 

Ultrasonic Exper iment  

The algorithm was tested by an ultrasonic model ex- 
periment. A block of Plexiglas with dimensions 30 by 50 by 
10 cm was used as a model. Eighty-eight records were ob- 
tained on five profiles parallel to the longest edge. The fre- 
quency band of the signals is 50 to 200 kHz. Figure 5 shows 
an example for records on the profile y = 10 cm. The Ray- 
leigh fundamental mode can be recognized as the strongest 
onset. In the coda, single reflections from the edges of the 
model can be seen. The expected travel times are indicated 
by solid lines. The reflection of Rayleigh waves from a free 
vertical surface was investigated, for example, by Malis- 
chewsky (1976) and Fujii (1994). The absolute value of the 
reflection coefficient for normal incidence is approximately 
0.2. It is larger than those presented in the first section. How- 
ever, because of other strong waves than reflected Rayleigh 
waves in the coda, this experiment seems to be suitable for 
test purposes. 

A lateral homogeneous background model was obtained 
with the help of which gij(t,(nn) can be modeled. With several 
profiles similar to the one presented in Figure 5, we tried to 
reconstruct the lateral size of the model by using reflected 
Rayleigh waves. We attached a variable, Rj, to each sample 
point, neglecting the dependence of Rj((0i) on the angle of 
incidence (ai. In Figure 6 (bottom), the sample points are 
shown. They cover the model and a region around it. By 
solving equation (20), estimates for the Rj are obtained. Their 
absolute values are shown in Figure 6 (top). The borders of 
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Figure 7. Frequencies of directions toward 
the sources (left) and the receivers (right). On 
the axes, coordinates in centimeters are given. 
Model edges are indicated. 
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the real model  are indicated. Large values of  IRjl refer to the 
reflecting edges of  the model. The position of the model  
edges are reproduced very well. The recovered reflection 
coefficients are too small. One reason is that by assuming 
only one unknown per sample point, the angle dependence 
is neglected and the reflection coefficients are expected to 
be equal for each source-receiver pair that is an approxi- 
mation in the case of  reflections at a discontinuity. In prin- 
ciple, it is possible to allow for several unknowns at one 

sample point. Another reason is the nonuniqueness of  the 
inversion. 

Because of  the arrangement of the sources and the re- 
ceivers, the model  is not recognized completely.  For some 
sample points, Figure 7 shows frequencies of  the directions 
to the sources (left) and to the transducers (right). For a 
reflection of  the fundamental Rayleigh mode at a disconti- 
nuity, it is necessary that the angle of  incidence is equal to 
the reflection angle. This is not met for the edges y = 0 cm 
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version for co n = 25 mHz. Top: Polar projection for 
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bols indicates body-wave magnitude. 

and y = 30 cm for x between x = 35 cm and x = 50 cm. 
It is obvious that the reconstruction of discontinuities de- 
pends on the configuration of the sources and the receivers 
in respect to the strike of the discontinuity. 

Beside using di(t,o&), it is possible to invert its envelope. 
The advantage is that the spatial sampling rate can be de- 
creased because the waveform becomes less sensitive to 
small changes in the position of the reflection point. But the 
relationship to the reflection coefficients can only be ap- 
proximated with a linear model if only a few reflected waves 
are arriving at the station and no strong interferences are 
expected. The envelope is inverted in Figure 6. 

Though not only reflected Rayleigh waves are present 
in the coda and only 88 traces are inverted, for this model 
and the given source-station configuration, the algorithm al- 
lows the imaging of lateral heterogeneity. 

Application to Seismological  Data  in Central Europe 

The conditions in an ultrasonic experiment, with an 
abundance of simple wave paths and with sharply defined 
boundaries, will be hard to match in seismology. However, 
the sharpness of boundaries in the Earth has been established 
for some tectonic lineaments. Although it is at present too 
early to apply the method to its full potential, we will present 
a preliminary application to real data in the region of Central 
Europe, where the GRSN is supplying low noise data and 
where the Tornquist-Teisseyre zone is very sharp (Zielhuis 
and Nolet, 1994). 

Figure 8 shows in perspective representation the result 
of the multiple-filter technique (MFI') (Dziewonski and 
Hales, 1972) applied to a long-period recording of the ver- 
tical component at station BFO for an event specified in the 
title of Figure 8. The dispersion of the fundamental Rayleigh 
mode is diminished by convolution with an inverse all-pass 
filter. Therefore, dispersion can be neglected in narrow-fre- 
quency bands. The body waves show dispersion due to the 
deconvolution. The structure of the coda is very complicated 
especially for periods smaller than 30 sec. The coda of the 
fundamental Rayleigh wave shows a decay with time and 
period. It is weaker for periods larger than 30 sec, but it is 
visible up to 100 sec. The smallest represented value is 
greater than the noise. This can be seen comparing the coda 
to the noise before the first onset. The waves present in the 
coda cannot be identified as reflected fundamental Rayleigh 
waves in single seismograms. Refracted fundamental Ray- 
leigh waves, scattered higher modes, and body waves con- 
tribute to the coda. Therefore, an inversion is applied to the 
coda that searches for reflected waves present in the coda of 
many seismograms and allows for waves other than funda- 
mental Rayleigh waves reflected in the region under consid- 
eration. 

Recordings mainly at stations of the GRSN were used 
for the inversion. They are supplemented by seismograms 
of a few stations nearby the GRSN (see Fig. 14 for location 
of the stations). For each of the studied 142 events, approx- 
imately 10 recordings were available. The maximum epi- 
central distance is 60 ° for 20°-sec period and 120 ° for periods 
larger than 60 sec. Figure 9 shows epicenters of events used 
in the inversion for o) n = 25 mHz and their distance and 
backazimuth for a central point of the GRSN. 

The processing of the data includes a deconvolution of 
Ui0 for a background model and the application of a set of 
filters with a Gaussian shape in the frequency domain (MFT). 
The filtered waveforms are inverted. Filtered seismograms 
are automatically selected for the inversion by applying the 
following criteria. The amplitude of the direct fundamental 
Rayleigh wave has to be larger than a given level (500 
m/sec). Its measured group travel times for one event and 
different stations of a regional network should show a small 
variance after the deconvolution. The MFT allows for an 
estimation of the instantaneous frequency in narrow-fre- 
quency bands. For the fundamental Rayleigh wave, devia- 



Reflection and Transmission of Surface Waves at a Vertical Discontinuity 1657 

4 * ÷ ÷ ÷ 

÷ ~ , . _  " 4 ÷ ~ 4 4 % ÷ ÷ 

• 4 - . , ' ~ '  , .  + ÷ ÷ 4 + 

+ + ÷ ÷ + + + + + ÷ + + -+ 4 t-" , ~ + + + [ ~ + + ! ! ~ ! ! i + + ~ + [ +  + + + ÷ + + 4 + 4 4  
4 4  ÷ 4 + ÷ + +  ÷ ÷ + . ÷ 4 4  + 4 * ÷ 4 ÷ + 4 4  4 4 4 4  ÷ 

4 ÷ + + 4 + 4 + ÷ 4 + +"  ÷ 4  + ÷  4 ÷ 4 ÷ ÷ 4 ÷"~.+ ÷ 4 4  ~ 
4 + 4 . ~ . +  44  ++ ++ ÷;1:~ + + ÷ + + 4 +  ÷ + . +  + + +  ++ * 4 + ÷ 4 ++ 

+ 4 4 ~ 5 7 ! + ~ + ' ~ + ~ + 4 4 4 4 4 4  * + * + ~4 + 4 4 4 4  + 4 4  . 4 4 4 4  44 4 4 4 + 4 ÷ 4 4 4 ÷ 4  

~4 + " + .  + <." 4 - , , -  4 f  + •+ + ~ .  + 4 + + . "  4 + + I . . . .  / + + + + ' +  + .  + ~ ' n ; , , >  + 5  + + ,  + + ". 
. + + ' +  ~ -  2 + ;0- 5 ,  + 4: +.wt- '%" + 4 + + 4 + ", + 4 + " ~ ~ .  " ) ~ " + J . ~ - ~ , ' ~ &  + + + + + 4 + + ÷ ~ ~+ ÷ . + v+ 4 ' i  %,'~ ~ . + +  +, +-.+4 :.+7+~4+++4+4 :~444 ~ , j ~ k + S c ~ + + - 5 )  

• " +++i+++ 14 +;4 i++ ~+ + ~  ; ! .~+++ !'+++++ .++ 1 4  + ÷+ + 4 4 ~ .  i ~+ 4~ + +,. ÷ ÷ 4 + 4  . . . . .  + ÷ + + + + +4+ *+4÷4+ + ÷ ~ 4++++ 4+4 ++ 44+4+++4++++ + + ÷ ~ ÷ + . i ~ 4 ~ + ] ~ 4 +  + 4 4 4 " ÷ ~ i  4 ÷ ÷ + 4 +444 +..44+÷+44 + 4  +44+4 +4444 +44+*+44 * + + ~ 4 + ~ + * 4 4  ~'• ~' 

+ + ÷ " + + ÷ + + + ÷ . ' + .~"~'J 
. ÷ 4 j , ? ~ 4  , ~ 4 " ~ 4 4 4 4 4  ÷ 4 + + 4 4  4 +  + + + 4 +  4 ~ , . ~  

" + . + % £ ,  + . + + ~ + 2  . . . .  4 + . +  4 + + +  ¢ , "  + + + ) I ~ , ~ + + + 4 +  +. 4 4 +  + : + 4  + 4 
4 + 4 4 ~ ÷ 4 4 4 ÷ 4 

+ * - +  , + + 

- t  ÷ 4 
+ 

Figure 10. Sample points for the inversion, co n = 25 mHz. The region nearby the 
network shows a denser coverage. 

tions of the measured frequency from the expected fre- 
quency, co n, have to be small. Finally, a time window is 
applied to the coda, and the amplitudes within the window 
are checked for unexpected high values. Depending on fre- 
quency, e) n, between 200 and 700 seismograms were se- 
lected for the inversion. For about 25 mHz, most seismo- 
grams met the requirements. 

The region nearby the stations is sampled, and un- 
knowns Rj(con) are attached to the sample points neglecting 
the angle dependence. To reduce the influence of waves not 
reflected within the region under consideration, sample 
points are also distributed outside of the region. Figure 10 
shows sample points for co n = 25 mHz. Although sampling 
is less dense outside of the region under consideration, the 
complete paths are covered by sample points. Group travel 
times of the fundamental Rayleigh wave remaining after the 
deconvolution of a background model are measured. Using 
these measurements and a laterally homogeneous back- 
ground model for the region under consideration (Dost, 
1990), the gij(t, co~) are approximated neglecting the disper- 
sion within the narrow-frequency band denoted by co n . Equa- 
tion (20) is solved for different co n . 

The TZ in Central Europe consists of the Sorgenfrei- 
Tornquist zone (STZ) in the NW and the TTZ in the SE (Ber- 
th÷Is÷n, 1992). The TZ is part of a complex transition zone 
between ancient Europe (Baltica) with intact Precambrian 
basement and Variscan Central Europe. It is assumed that 
the basement of Baltica thinned during Palaezoic and Me- 
sozoic, and extends beyond the STZ to northern Germany. 
During Late Cretaceous and Early Tertiary, Alpine-induced 
inversion affected the TZ. The intensity of the inversion in- 
creases from the NW to the SE (Berthelsen, 1992). 

Figure 11 shows absolute values of estimated interac- 
tion coefficients IRj(con)l as a function of period for two pro- 
files crossing the TZ, namely, the NW of (a) the TTZ and (b) 
the STZ. Estimates of IRj(cOn)l for 20 different periods con- 

tribute to these profiles. The maximal resolution is obtained 
between 20- and 40-sec period. The corresponding depth 
range is estimated using theoretical reflection coefficients 
like in Figure 1. Lateral heterogeneity approximately be- 
tween 15 and 50 km depth is imaged. For latitudes larger 
than 53 ° N, the profile (a) shows properties of Baltica's lith- 
osphere. A change in the structure occurs at about 53 ° N 
where the profile crosses the TTZ. Between 51 ° N and 53 ° 
N, profile (a) corresponds remarkably well to an about 200- 
km-wide zone of thinned crust SW of the TTZ described in 
Guterch et al. (1994) based on refraction and wide angle 
reflections for the profile LT-7. In profile (a), strong lateral 
heterogeneity is found at 50.5 ° N for periods smaller than 
27 sec. It can be interpreted as lateral changes in the lower 
crust at the Elbe Lineament (EL). Strong lateral heteroge- 
neity at the Elbe Lineament is present also on profile (b). 
This corresponds to anomalous low velocities in the lower 
crust found in refraction and wide-angle reflection record- 
ings along EUGENO-S line 1 (EUGENO-S Working Group, 
1988; Ansorge et al., 1992). Southwest-dipping lateral het- 
erogeneity may be present between 57 ° N and 55 ° N in 20 
to 30 km depth between the STZ and the RingkCbing-Fyn 
High. This is partly supported by a lateral velocity decrease 
toward SW between 10 and 25 km depth described by An- 
sorge et al. (1992). Also interesting is the low heterogeneity 
between 52.5 ° N and 55.5 ° N for periods between 25 and 30 
sec in profile (b). This period range shows maximum sen- 
sitivity for about 35 to 40 km depths. For the same latitudes 
and periods larger than 35 sec, a NE-dipping heterogeneity 
is found. These structures need validation by further studies. 
The profiles clearly show similarities to results of seismic 
studies by considering the relation between depth of the het- 
erogeneity and periods of maximum sensitivity of reflection 
coefficients• However, this relation may be masked by local 
extrema and zeros in the curves of reflection coefficients as 
a function of period. Because of the smaller absolute values 
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Figure 11. Reflection of the fundamental Ray- 
leigh mode, IRj(O)n)l, as a function of period for two 
profiles crossing (a) the TTZ and (b) the STZ. The map 
shows coastlines for Central Europe, the profiles, and 
some tectonic lines (STZ, Sorgenfrei-Tornquist zone; 
TTZ, Tornquist-Teisseyre zone; EL, Elbe lineament). 
The Iej(co~)l along the profiles are given as a function 
of latitude (x axis) and period (y axis). 

of local extrema, the application of a depth-period relation 
seems to be justified. 

An inversion for a broader frequency range (30- to 50- 
sec period) is carried out although the Rj(o)n) are strongly 
frequency dependent. The Ri(con) are assumed to be constant 
in that frequency band. Absolute values of the resulting 

Rj(oA) are shown in Figure 12. There is a tendency toward 
smaller amplitudes with increasing distance from the region 
of dense station coverage (see Fig. 14 for station locations). 
The time window applied on the waveform of the coda does 
not allow for small time delays of reflected waves in respect 
to the fundamental Rayleigh wave. Because for regions with 
high station coverage small delay times are typical, the cov- 
erage in the inversion is low (see Fig. 13). The smaller am- 
plitudes are probably due to the higher coverage in the in- 
version and simplifications in the method. Periods from 30 
to 50 sec are sensitive to lateral changes in crustal thickness 
and lateral heterogeneity within the lower crust and the up- 
permost mantle. 

Remarkable in Figure 12 is a zone of high values 
slightly NE of the TTZ. The offset is most likely due to a 
somewhat too high group velocity used in the inversion. This 
can be explained by a too fast background model, or periods 
shorter than 40 sec dominate the inversion result. The group 
velocity is smaller for these periods than the group velocity 
for 40 sec used in the inversion. Lateral heterogeneity for 
the TTZ is in agreement to Snieder (1988), who shows that 
surface waves are scattered at the TTZ. Zielhuis and Nolet 
(1994) detect lateral changes perpendicular to the TZ up to 
5% in the NW and up to 12% in the SE of the TZ. 

Figure 12 can be compared to crustal thickness in Cen- 
tral Europe (Giese, 1995). Regions with high lateral gradi- 
ents in crustal thickness show high values in Figure 12. High 
values around the Bohemian Massif (BM) and for the Upper 
Rhine Graben (URG) can be explained by enlarged (34 km) 
and decreased (25 km) crustal thickness, respectively. The 
Ltineburg Massif (LM) (Berthelsen, 1992) in NW Germany 
shows 32-kin crustal thickness in contrast to 28 km and 
lower beneath the North Sea (Giese, 1995). Less-pro- 
nounced zones of high IRj(con)l in Figure 12 correspond to 
enlarged crustal thickness for the Ringkcbing-Fyn High (EU- 
GENO-S Working Group, 1988) and the Alps (Ansorge et 
al., 1992). Lateral heterogeneity along the STZ is not con- 
tinuous. This may be explained by varying lateral gradients 
in crustal thickness found by EUGENO-S Working Group 
(1988). High values for the Variscan Rheno-Herzynian 
Saxo-Thuringian boundary (Central European Suture, CES) 
and the Elbe Lineament are probably due to lateral changes 
within the crust and the uppermost mantle. Lateral velocity 
changes in the lower crust for the Elbe Lineament are de- 
scribed by Ansorge et al. (1992) and Bankwitz (1993). 
Regions between Elbe Lineament and TTZ show apparently 
low lateral heterogeneity. 

In Figure 13, frequencies of the directions toward the 
sources and the stations for sample points in the region under 
consideration are given. For the region under consideration, 
the angles between these two directions are smaller than 90 ° . 
Single refractions at a discontinuity are characterized by an- 
gles larger than 90 ° . Therefore, for the region under consid- 
eration, we search for backscattered waves that can be in- 
terpreted in terms of reflections if a lateral discontinuity is 
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Rayleigh mode, IRj(co,)l, for a band pass from 
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Figure 13. Frequencies of source azimuths (left) and station azimuths (right) for co, 
= 25 mHz and sample points in Central Europe. 

present. Outside of the region under consideration, the angle 
can be larger than 90 °, so that here sample points can account 
for single reflections and single refractions. In Figure 13, the 
incoming waves approach the sample points from a wide 
range of azimuths. Neglecting the angle dependence is a 
simplification. The model experiment confirms the possibil- 
ity to neglect the angle dependence of the reflection. Only 
discontinuities with a strike that allows for reflections can 
be detected. Especially, discontinuities striking toward the 

stations cannot be imaged. Note the lower coverage for sam- 
ple points nearby the stations. 

A synthetic spike test for the horizontal resolution is 
shown in Figure 14 using the same source and receiver con- 
figuration as for real data. Synthetic waveforms for scatterers 
with Rj(co,) = 1 were calculated and inverted. The location 
is reproduced, but amplitudes are too small, and weak arti- 
facts due to the nonuniqueness of the inversion are visible. 
Lateral resolution is about 200 km. 
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Figure 14. Synthetic spike test for horizon- 
tal resolution of the inversion, co,, = 25 mHz. 
Coast lines of Central Europe are given. Sta- 
tions are denoted by triangles. 

Conclusions 

A method for the determination of approximate reflec- 
tion and transmission coefficients of surface waves for a 
given vertical discontinuity is considered. It yields coeffi- 
cients for a finite set of discrete propagating surface-wave 
modes. Non-normal incidence and mode conversion be- 
tween Love and Rayleigh modes can be studied. For vertical 
discontinuities, a relation is found between the depth of lat- 
eral heterogeneity and the period range of enlarged absolute 
values of reflection coefficients. In the given examples, re- 
flection coefficients of the fundamental Rayleigh mode for 
periods up to 40 sec are sensitive to the crust. Between 30 
and 80 sec, they are sensitive to the lithospheric mantle, and 
between 50 and 120 sec, to the asthenosphere. 

The complicated structure of the fundamental Rayleigh- 
wave coda is confirmed by analyzing seismograms with the 
multiple-filter technique. The coda shows a decay with time 
and period and is for strong events visible up to 100 sec. 
The Rayleigh-wave coda was studied for single reflected 
fundamental Rayleigh waves. Refractions can show large 
amplitudes (see Figs. 2 and 3) and contribute to the coda. 
Refractions with small delay times are excluded from the 
inversion by a time window. The arrival of the fundamental 
Rayleigh wave is measured in dependence on frequency. 
The time window of the inversion starts with a frequency- 
dependent offset after the arrival of the fundamental Ray- 
leigh wave. For 25 mHz, the offset is 200 sec. For the region 
under consideration, the angles between the directions to the 
sources and to the stations (see Fig. 13) are smaller than 90 ° . 
Here, the inversion tries to find single backscattered waves 
or reflected waves if a discontinuity is present. The sample 

points outside the region under consideration covering the 
complete paths can account for single refractions and reflec- 
tions. Because of these sample points, the coda waveform is 
only partially explained in terms of fundamental Rayleigh 
waves reflected in the region under consideration. A com- 
plicating fact is that body waves, higher modes, multiple 
reflections, and refractions contribute to the coda. Because 
of low coverage and simplifications in the algorithm, artifi- 
cial anomalies may occur or heterogeneity may not be im- 
aged. The similarities to lateral gradients in maps of Moho 
depths and results of deep seismic soundings confirm the 
applicability of the method. For periods between 20 and 50 
sec, the inversion of the coda waveform images possible 
scatterers and reflectors of surface waves. It is confirmed that 
surface waves are reflected at intraplate structures like the 
TTZ, and strong lateral heterogeneity is found for the Elbe 
Lineament in the lower crust. The results are encouraging 
for an incorporation of scattering into tomographic inver- 
sions using surface waves for periods between 20 and 50 
see.  
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