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Rapid computation of multioffset vertical seismic profile
synthetic seismograms for layered media

Subhashis Mallick* and L. Neil Frazer*

ABSTRACT

By rearranging the formulas for the responses of
buried sources and receivers in the Kennett reflectivity
algorithm, we have obtained a new algorithm that is
very efficient for computing multioffset VSP synthetic
seismograms. The rearrangement of the response formu­
las is quite general inasmuch as it applies to both iso­
tropic and anisotropic Kennett codes. Our new algo­
rithm and the original single-receiver algorithm can
both be made to run much faster on vector computers
by taking the layer loop out of the p-Ioop, but leaving it
inside the frequency loop. The resulting vector codes
can still compute the response of media with frequency­
dependent velocities.

INTRODUCTION

Over the past decade, vertical seismic profiling (VSP) has
become a widely used tool in seismic exploration. The main
reason for its popularity is that it allows one to observe the
passage of seismic waves through the earth as they undergo
reflections and mode conversions at various interfaces. Even
though VSP has gained popularity in the past few years, its
basic ideas are relatively old. Dix (1939) used borehole seismo­
metry to determine subweathering velocity from check shots.
This application was followed by studies of the propagation of
seismic waves from measurements obtained in boreholes
(Jolly, 1953; Khalyevich, 1955; Riggs, 1955). Soviet geophysi­
cists especially have contributed greatly to the development of
VSP (Gal'perin, 1974). A comprehensive review of the different
aspects of VSP is given in Balch and Lee (1984).

With the increased popularity of VSP, there is now a grow­
ing need for computing theoretical VSP seismograms as an
aid to interpretation. Considerable progress has already been
made in this regard: Wyatt (1981), Kelly et ai. (1982), Temme
and Muller (1982), Ursin and Arnsten (1983), Thybo (1983),

Cormier and Mellen (1984), Stephen (1984), and Sullivan
(1984) are a few examples. Most of these papers restrict the
computation of synthetic VSP seismograms to the case of
normal incidence. Dietrich et ai. (1984) gave a method which
allows offset VSP, but their method encountered difficulties
with high frequencies. McMechan (1985) gave a finite­
difference algorithm to compute offset VSPs for laterally vary­
ing acoustic media. Aminzadeh and Mendel (1985) gave a
state-space algorithm and showed how VSPs at nonnormal
incidence can be obtained by computing the surface synthetic
response first and then continuing that response downward to
the given VSP depth points. Even though the method of
Aminzadeh and Mendel gives a way to compute offset VSP
for a layered elastic medium, it has some practical drawbacks.
It does not include surface waves. Also, it assumes the medium
to be lossless. The frequency-domain approach discussed here
includes surface waves and lossy media.

There are many methods for generating theoretical seismo­
grams for a layered elastic medium; the reflectivity method,
originally proposed by Fuchs and Muller (1971) and eventual­
ly modified by Kennett (1974, 1975, 1979, 1980), Kind (1976),

Stephen (1977), Kennett and Kerry (1979), Kennett and Illing­
worth (1981), Kennett and Clarke (1983), and Mallick and
Frazer (1986) seems most popular. A detailed review of this
method may be found in Kennett (1983). Suprajitno and
Greenhalgh (1986) used this reflectivity technique to generate
offset VSPs for layered media. Their method has the basic
advantage of the reflectivity method: a complete response, in­
cluding all free-surface and internal multiples, is computed at
once. Moreover, Suprajitno and Greenhalgh give a way to
accommodate deviated holes and offer approximate solutions
for some special classes of laterally varying structures such as
faults and pinchouts. Their method, however, requires com­
puting the entire reflectivity matrix for each receiver depth.
Because the computation of this matrix' is the most time­
consuming part of the reflectivity method, Suprajitno and
Greenhalgh's procedure can only be applied to relatively
simple models involving very few layers. The application of
synthetic seismograms to interpreting seismic data has shown
that exact traveltime and amplitude modeling can only be
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480 Mallick and Frazer

achieved by allowing velocity gradients within geologic forma­
tions (e.g., see Braile and Smith, 1975). A model with few
layers having constant velocities and densities in each layer
may satisfy the traveltimes of the data but to match the ampli­
tudes correctly, one must allow the velocities and densities to
vary within each layer as well. Doing so requires subdividing
each constant-velocity and constant-density layer into many
thin layers; computing a multioffset VSP response for such a
multilayered medium places a great premium on speed and
efficiency.

Schmidt and Tango (1986) gave a stable form of the global
matrix approach (Chin et al., 1984) that is highly efficient for
computing the response for multiple receiver and source lo­
cations. In this paper, we present a reflectivity approach for
computing multioffset VSP which we believe to be at least as
efficient as that of Schmidt and Tango, especially in vector
computers. The interesting features of our method are as fol­
lows:

matrix for the entire stack of layers. If for the system shown in
Figure 2, Bd and Id are the downward looking reflection and
transmission coefficient matrices and l!u and Iu are the
upward looking reflection and transmission coefficient
matrices to depth z= zt_ I and if [d and td are downward
looking reflection coefficient matrices and [u and tu are the
upward looking reflection and transmission coefficient
matrices for the interface at z = Zi' then the new reflection and
transmission coefficients to depth z= zt are given by the iter­
ation relations

(IJnew = Iu(l- E; l[dEdtU-IE: Itu'

(Bd)new = Bd + TuE:1[dEd(l- BuE:1[dEd)-lId,

(Bu)new = [u + tdEdl!u(l- E:1[dEdBu)-1E;ltu' (1)

and

r------------~~r
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1) it is based on the reflectivity algorithm, which
allows a complete response, including all the free­
surface and the interlayer multiples, to be computed at
once;

2) intrinsic attenuation may be easily accommodated
by making the seismic velocities complex and
frequency-dependent;

3) the reflectivity matrix need not be computed re­
peatedly for each receiver depth;

4) the algorithm can be applied to a general aniso­
tropic model (Fryer and Frazer, 1984);and

5) the algorithm veetorizes efficiently in computers
such as a CRAY, resulting in very rapid computation.
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FIG. 1. Geometry for multioffset VSP computations.

FIG. 2. A stack of layers with different elastic properties. The
plus and minus signs denote "just below" or "just above" a
particular interface.

We consider a multilayered earth, bounded above by a free
surface and below by a half-space. The receivers are located at
different depths inside a well (arbitrarily spaced) and the
sources are located at a single depth but at different offsets
(Figure 1).Our object is to find the seismic response from each
source at each receiver level. The basic method for the case of
a single receiver is thoroughly discussed in Kennett (1983),
and the modifications needed for anisotropic media have been
given by Fryer and Frazer (1984). We assume a Cartesian
coordinate system (x, y, z), where x and y denote the two
horizontal (range) coordinates and z denotes the depth coordi­
nate. After we have transformed the horizontal coordinates
and time variations out, using a triple Fourier transform of
the form

LOO",L"'",f'''",!(X, y, z, t)ei(<l>'-kxx-k,y) dx dy dt,

all the variables become functions of frequency (ro), horizontal
wavenumbers (kx ' ky), and depth z; the subsequent derivations
are in this transformed domain. The derivations are valid in
general for art anisotropic viscoelastic medium; however, in
the case of media exhibiting azimuthal symmetry, e.g., the
isotropic or the transversely isotropic case, the variables k;
and k; appear in the equations. of motion in a symmetrical
fashion. The first step in our method consists of layer-by-layer
iteration and of forming the reflection-transmission coefficient
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where I is the identity matrix and Eu and Ed are the diagonal
matrices which downward propagate the upgoing and
downgoing waves, respectively, in layer i. In an isotropic or
transversely isotropic medium E: I = Ed' In general, matrices
in equations (1) are 3 x 3 and the reflection-transmission coef­
ficient matrices have the form, for example,

isotropic and for the transversely isotropic case, the 4 x 4 Q
matrix for P-SV and 2 x 2 Q matrix for SH can be explicitly
found [see Kennett, 1983, equation (3.37), for example, for the
isotropic case]. The vector S(z.) in equation (4) is obtained
from equation (3), by Fourier transformation over x and y, in
the form

where 1) is the delta function and V denotes the gradient oper­
ator. [For an explosive source, h(oo) = 0 and ~(oo) is pro­
portional to the identity matrix.] The discontinuity 8 in the
displacements and vertical components of stress leads to a
discontinuity in the amplitudes of the upgoing and downgoing
waves given by

(6)

(7a)

(a)

Loyer n

(b)

Loyer n

U(Z,) = (~~ + ~d B~f)(l- BdSR~f)-1

X r:Q - B~nB~f)-I(B~nFd + Fu) ;

o Receiver Iz: z,)

*Source [z > Zs)

o Receiver Iz: z,)

*Source [z : zs)

Z

~======== z: Zl

f------------ z: Z1

~----------- z: Zn-l

Z

,--------------- free surface

1------------ z: Zn-l

0 0
0 0

S(z.) =
0

- ~(z.)
0

(5)
ihx + kxMxx + kyMXY u ;
ih; + kyMxy + kyMyy My.
th, + kxM.x + kyM.y M ••

Finally, in order to get the motion u(z,) at the arbitrary
receiver location Z = z, the matrix Q(z,) is first written in
terms of submatrices as

FIG. 3. Layered earth problem when a receiver is (a) above the
source and (b) below the source.

D =rJS;~[\.
- [~~ I ~dJ

Then, for the receiver above the source (Figure 3a), the motion
IS

(2)

(4)

and

Here R~I is the reflection coefficient for a quasi-S, wave
from a downward incident quasi-S. wave; R~2 is the reflection
coefficient for a quasi-P wave from a downward incident
quasi-S, wave; and so on. For any layer k of thickness tk =

Zk - Zk-I (see Figure 2), the matrices Eu and Ed are given by

[

ei/.". 0 OJ
Eu = 0 eiA2t

• 0 ,
o 0 ei/·,,·

where AI' ... , A6 are the eigenvalues for the 6 x 6 elastic
system matrix ~ computed in such a way that the eigenvector
matrix Q of ~ has the upgoing waves in its first three columns
and downgoing waves in its last three columns. Then AI' A2 ,

and A3 are the eigenvalues for the upgoing waves and A4 , As'
and 1...6 are the eigenvalues for the down going waves, respec­
tively. A detailed explanation of this development may be
found in Fryer and Frazer (1984). In special cases, where the
medium exhibits azimuthal symmetry, such as the isotropic or
the transversely isotropic case, the whole 6 x 6 elastic system
decouples into a 4 x 4 P-SV and a 2 x 2 SH (or quasi-Sj)
system. For the P-SV system, the matrix equation (1) becomes
2 x 2, and for the SH system, it becomes a scalar equation;
there are simple and explicit forms for the reflection­
transmission coefficients and the transmission matrices for
such cases (for example, see Aki and Richards, 1980; Kennett,
1983, chap. 5).

A point source located at r = (0, 0, z.) can be represented in
terms of a force h and a symmetric moment tensor ~, with the
body force equivalent given by (Burridge and Knopoff, 1964)

f(oo) = h(oo)1)(r - r.) - ~(oo) • V1)(r - r.), (3)

F = [ ~:u] = Q - l(z.)8(z.).

Q-1(Z.) in equation (4) is the inverse of the eigenvector matrix
Q(z.) of the elastic system matrix ~(z.). Once Q is found, it is
straightforward to find Q-1 (Fryer and Frazer, 1984). For the
general case Q must be found numerically; however, for the
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Frequency loop
Compute Final p (FP), # of p (NP), delta p (DP)

Layer Loop
p loop

Iteration equations to compute
R d, Td,Ru , T u
"""'" """'" """'" ""

end p loop
If source layer then
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end p loop
else if receiver layer then

p loop

end if
end layer loop
Receiver loop

If receiver above source then
p loop

compute using equation (12)
end p loop

else
p loop

compute using equation (14)
end p loop

end if
x loop

p loop
integrate over p to transform p to x

end p loop
end x loop

end receiver loop
write out response for this frequency

end frequency loop

FIG. 4. The basic flow chart for computing synthetic VSPs for different offsets.
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The notation used in equations (7a) and (7b) is explicit; for
example, B~n denotes the downward looking reflection coef­
ficient matrix between Zn (bottom of the stack) and z, (receiver
depth). Similarly, B~f denotes the upward looking reflection
coefficient matrix for the stack between Zs and the free surface,
and so on.

Finally, by applying the triple Fourier transform

(9)

(0 )
offset ' 100 m

(e)
offset 'IOOOm

1.0

(b )
___ offs e t ' 500m =-::

TIME {51

. 1 :
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°ll~
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I­
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o

.3 :

(I) B~f,

(2) B~s, I~s, B:, I:, l\.'I~, l\.'I~, and
(3) B~n.

.4 .:

.3

We see that we need B~n to compute u(zr) using equation
(7b). For this we again follow Kennett [1983, equation (6.3)]
to write

Thus, we can now compute u(zr) for the case when the receiver
is located above the source.

Similarly, for the receiver below the source, when we come
out of the layer loop, we have

FIG. 5. Synthetic VSP seismograms for the pressure response
obtained at (a) 100, (b) 500, and (c) 1000 m offsets for an
acoustic half-space with velocity = 1510 m/s and Q = 5000.
The source is located 220 m below the free surface and receiv­
ers are at 20 m intervals above and below the source.

We have all the matrices to compute u(zr)' using equation
(7a), except B~f. To find B~f, we make use of Kennett's iter­
ation equations [see Kennett, 1983, equation (6.4)] to write

(8)

(7b)

we get the synthetic seismogram for a point source. In the case
of an isotropic or a transversely isotropic system, the point­
source synthetics are obtained through the Fourier-Hankel
transform over the frequency and wavenumber (see Kennett,
1983,chap. 7, for details).

Equations (7a) and (7b) also give a very convenient way to
compute the upgoing and downgoing wave responses sepa­
rately. To see why this is so, recall that the matrices l\.'I~ and
l\.'I~ are the submatrices of the eigenvector matrix Q at each
receiver location. The columns of l\.'I~ give the upgoing wave
displacement and the columns of l\.'I~ give the down going wave
displacement. Thus, if we set l\.'I~ = 0, equations (7a) and (7b)
give the downgoing wave only. Similarly, setting l\.'I~ = 0 in
equations (7a) and (7b) gives the upgoing wave only. Each
column of the matrices l\.'I~ and l\.'I~ represents a different wave
type. For an isotropic P-SV system for example, the first
column gives the P-wave motion, and the second column gives
the SV-wave motion. Thus, setting the second column of l\.'I~

to zero and also setting l\.'I~ to zero make equations (7a) and
(7b) give the upgoing P-wave motion only. Upgoing S,
downgoing P, and downgoing S-wave motions are obtained in
a similar manner. Once the entire reflectivity matrix is com­
puted, these separate motions can be obtained at very little
additional expense.

In order to extend this procedure to the VSP case, we exam­
ine equations (7a) and (7b) to see how they are used to com­
pute the response in the case of a single receiver depth. The
computation is performed through layer-by-layer iteration
using equations (1), so that at the ith stage of iteration Bu ' I u '

Bd' and Id denote the upward and downward looking
reflection-transmission coefficient matrices down to layer i.
From the top of the stack until the source or the receiver layer
is encountered, we compute Bu only. At the source or the
receiver layer (whichever is shallowest), we store this value of
Bu' reset Bu to zero, and start computing Bu' Bd' Iu, and Id'
When the source or receiver layer (whichever is deepest) is
encountered, we store the values of Bu, Bd' Iu' and Id' reset
Bu, Bd to zero and Iu' Id to unity, and keep computing the
reflection transmission coefficient matrices using equations (1).
Finally when the bottom of the stack is encountered, we store
Bd' We store the l\.'I~ and l\.'I~ matrices at the receiver depth.
Thus, when the layer iteration is complete, we have for the
receiver above the source

(1) B~f, l\.'I~, l\.'I~,

(2) B~r, I~r, B~s, I~s, and
(3) B~n.

and for the receiver below the source (Figure 3b),

u(zr) = (l\.'I~ B~n + l\.'I~)U - B~sB~n) - I

X I:U - B~f B~n) - I(Fd+ B~fFJ

1 foo foo foo .-- u(k k Z Ol)e,(kxx+kyy-ron dk dk ds»
(21t)3 _ 00 _ co _ 00 x' y' , x y ,
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x r=/(! - Bd"BY") - t(Bd"Fd + F.). (12)

Similarly , for the receiver below the source (Figure 3b), we
have from Kennett [1983, equation (6.3)]

Solving this relation for B:;" and substituting into equation
(7b) yields

u(z ) = [Mr rrrs - I Trs + Rrs)- t + Mr]r _ u _d _ _u _ u _ d

x [I -Urs(rsrR- 'Trs + Rrs)-t] -I_ ~u d _ _101 -u

(14)

(II)

If this expression is solved for r: and the result substituted
into equation (7a), we find

u(zr) = (~: + ~:; 8:/)(1:/)- I

Thus we get the motion u(zr)' when the receiver is located
below the source .

For the VSP case, when receivers are located at many
depths (some above and some below the source), the above
procedure is inconvenient because one cannot get all the
matrices present in equations (7a) and (7b) in a single pass
through the layer loop. Therefore, we need to modify equa­
tions (7a) and (7b) into a form convenient for VSP compu­
tation. As shown in Figure 3a, for the receiver above the
source we may write [Kennett, 1983, equation (6.4)]

(a)
E 0.0
...¥

I
I­
Q..
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o
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1 2345

QL/1000
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o 1 2 3
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1 2
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(d )
- offset' 100 0 m

- ~ •• ~ --J

Pressure

FIG. 6. (a) Longitudinal wave velocity (CL), longitudinal Q (QL), shear-wave velocity (CT), shear Q (QT), and density
(RHO) of the model for which the synthetics (b)-(e) were computed. The source was located at a depth of 220 m within
the first layer, and 45 receivers were placed at 20 m intervals above and below the source, (b) Computed synthetic VSP
seismogram for pressure response using the model shown in (a) at a 100 m offset. (c), (d), and (e) are the same as (b) but
at 500, 1000, and 2000 m offsets, respectively.
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R = Rsn - Rsr._ _d _d

Equations (12) and (14) give a convenient form for com­
puting the response in a separate receiver loop after passage
through the layer loop. To see why this is so, we refer to
Figure 4. In the layer loop, as Bu' Iu, Bd' and Id are formed
using equations (1), when the source layer is encountered, we
store the matrices up to this point and reset the reflection
matrices to zero and the transmission matrices to unity. How­
ever, when a receiver layer is encountered, we simply store the
matrices up to this point but do not reset them. Also, we store
the 1\:1: and I\:I~ matrices for each receiver location. Thus, after
exiting the layer loop, we have

(1) B:f , I:f , for the receivers above the source,
(2) B:!, I~f,

(3) B:s, I:s, I: for the receivers below the source,
(4) B~n, and
(5) 1\:1:, I\:I~ for each receiver depth.

Now, looking at equations (12) and (14), it is evident that we
have everything necessary to compute the displacement re­
sponse for each receiver location in a separate receiver loop as
shown in Figure 4.

Equations (12) and (14) thus give a complete VSP response
for the receivers above and below the source, respectively.
However, they are not the only possible arrangement for a
VSP computation by the reflectivity method. The reflectivity
formulation is very flexible and many different but equivalent
forms exist. We prefer equations (12) and (14) because they
result in a computer code that has proven stable under a
variety of conditions for many different models. To see why
this is so, note that equation (12) requires computation of the
inverse of the matrix I:f . When this matrix tends to zero,
computing its inverse will cause numerical instability. How­
ever, at the large values of slowness for which I:f tends to
zero, the matrix I~f tends to zero faster than I:f. Thus, for
very large slowness the product (I:f ) -II~f is always small and
the contribution to the integral in equation (8) is also very
small. We never need to compute our synthetics to such high
values of slowness. Therefore, in all practical cases of seismo­
gram synthesis, we never encounter numerical instability in
using equation (12).

Similarly, equation (14) requires computation of the inverse
of the matrix B = B~n - B:. When B~n and B: are very close
to each other, computing B- 1 will cause numerical instability.
However, when B:-. B~n, then B~n = (I:B -II:s + B:s)-I-.Q.
Therefore in our computer code, whenever B is small, instead
of computing B- 1

, we replace the entire matrix (I:B - II:s
+ B:s)-I in equation (14) by zero and thus avoid the insta-

bility.
In our computer code we have put the layer loop outside

the ray parameter (p) loop (see Figure 4). The original p loop
becomes a long chain of p loops, each of which vectorizes. The
receiver loop, which follows thep loop and performs the trans­
formation back to space coordinates, also contains p loops
which vectorize. We found that this unconventional architec­
ture increased the speed of our code by a factor of seven on a
CRAY X-MP.

In this section we present two sets of examples. The first set
consists of relatively simple models involving only a few
layers. These examples are meant to show the correctness of
our computation. The second set of examples is for models
with complicated velocity structures. These examples are
meant to show the efficiency of our method in computing
multi offset synthetic VSPs for various complicated geologic
models. In all the examples shown the source was an ex­
plosion. The source time function was an impulse response,
band-limited by means of a frequency-domain Hanning
window up to a maximum frequency of 51.2 Hz. Time series
wraparound was avoided by making use of complex fre­
quencies (e.g., Mallick and Frazer, 1987).The Qmodels shown
in all the examples are for a reference frequency of 1 Hz.
Complex P and S velocities were recomputed for each fre­
quency using the modified Strick power law formula [Mallick
and Frazer, 1987, equation (28)] with CJ = 0.1 and E = 0.001;
however, the absorption band model of Liu et al. (1976) could
equally well have been used.

The first set of computations consists of three examples. The
first example is an acoustic half-space, bounded above by a
free surface. We used a water velocity of 1510 m/s, a Q of
5000, and a density of 1 g/cm". The source is located 220 m
below the free surface and receivers are located at 20 m inter­
vals above and below the source. The synthetic VSP responses
for pressure at different receiver levels and for source offsets of
100, 500, and 1000 m are shown in Figure 5. The second
example is an acoustic-elastic example. The model is shown in
Figure 6a and the VSP synthetics for the pressure responses
for different source offsets are presented in Figures 6b-6e. The
third and last examples in this set show a four-layer all-elastic
model with a low-velocity zone. This model is presented in
Figure 7a, and the VSP synthetics for the horizontal and verti­
cal displacement responses at different source offsets are
shown in Figure 7b-7g. Figure 8 shows down going P-waves,
upgoing P-waves, down going S-waves, and upgoing S-waves,
respectively, at 1500 km offset for the same model presented in
Figure 7a. The separate waves for the 500 m and 1000 m
offsets are omitted here to save space. As noted earlier, these
separate synthetics are obtained with very little extra expense.

The second set of computations consists of three examples.
The first example is a simulation of a land VSP using a com­
plex 142-layer model with low-velocity zones and velocity
gradients. The source was placed 50 m below the free surface
and 48 receivers were placed below the source at 50 m inter­
vals. The model is shown in Figure 9a, and the computed VSP
synthetics at different source offsets are shown in Figures
9b-9g. The last two examples are for the oceanic model shown
in Figure lOa. It consists of a 3500 m thick ocean that un­
derlies a 200 m ice cap and overlies a typical section of ocean­
ic crust and upper mantle. One hundred seventy-two layers
were needed to get the smooth gradient zones in this model.
In the first example with this model, a pressure source was
placed 25 m below the bottom of the ice, and 48 receivers were
placed in the sediment and the basement at 25 m intervals.
The computed synthetics are presented in Figures lOb-lOg.
For the second example, the ice cap was replaced by water,
and the VSP synthetics for the same source and receiver ge­
ometry are presented in Figures lla-llf.
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(RH O) of the model fo r which the synthetics shown in (b)-(g) were computed . The so urce was placed at a depth of SSO
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respectively. (e)-(g) are the same as (b)- (d), but with vertical displacement.
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(e)-(g) are the same as (b)-(d), but with vertical displacement.
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DISCUSSION

We have outlined a method by which mult ioffset VSP seis­
mogr ams can be generated for layered media with frequency­
dependent comple x velocities. This method is based on the
reflectivity approach and is vectorizable on the computers
such as a eRAY. Examples for a variety of simple and com­
plex models show that this method is extremely fast and ef­
ficient. Computation of all the synthetics in Figures 7 and 8
took less than 3 minutes of CPU time, and computation of all
the synthetics in Figure 10 took 30 minutes of CPU time on a
CRAY X-MP. In practice, it is therefore possible to compute
the offset VSP with this method for realistic geologic models.
Examples given for the oceanic mode l (see Figures IO and 11)

suggest that even though VSP is not a very common tech­
nique in the exploration of the deep ocean basins, its appli­
cation in conjunction with standa rd refraction experiments
could become useful. For example, the VSP synthetics clearly
show a strong P-to -P reflection and relatively weak P-to-S
reflection at the sediment-basement interface on the response
from the vertical displacement. On the horizontal motion de­
tectors, however, the effect is opposite (see Figure 11 where
these events are marked as PP and PS , respectively). Such
obser vations can be used to restrict the elastic properties at
these zones. Since the reflections are not as clear on the refrac­
tion dat a as they are on the VSP, a combination of the two
techniques could be used to expand our kno wledge of the
structure of the upper crust in the oceans.
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FIG. 11. (a)-(c) are synth etic VSP seismograms for horizontal displacem ent at 2, 3.5, and 5 km offsets, computed using
the model similar to the one shown in Figure 9a but with the ice cap replaced by water. The marked events PP and PS
are the sediment-basement P-to-P and P-to-S reflections, respectively. (d)-(f) are similar to (a)-(c), but with vertical
displacement.
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