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Foreword 
 
This is final report of the Prague group within the GR-COAL project sponsored by NATO 

Science for Stability in 1995-1998. It describes main steps performed during the indicated period 
toward an unified numerical modeling for purposes of the lignite prospection by reflection 
seismics. 

The report explains how the methodology has evolved. In particular, the finite-difference 
method has been innovated, and synthesized with the discrete-wavenumber, and ray method. The 
research ranged from simulations of the single-shot and multiple-shot time sections up to their 
‘processing’, as if it were real data. The report also gives a warning against some practical 
interpretation problems with lignite seams (including the faulted ones) that may arise from 
uncorrected effects of the subsurface low velocity layers and/or converted waves during routine 
data processing. 

The report culminates with providing simulated CDP-stacked time sections, fully accounting 
for 2D and elastic effects, and accompanied by their detailed interpretation in terms of the 
elementary waves. The method is applied to verify the lignite deposit structural model derived 
from the reflection measurements and interpretations at the Domenico site in Greece, performed 
by the University of Patras and co-operating institutions. 

The report is accompanied by the complete list of publications and conference contributions 
that arose from this project (including also one diploma (MSc) thesis). That is why the individual 
research steps are demonstrated only in a very concise form. For details, the reader is referred to 
the papers. For the same reason the references to external authors are omitted here, being covered 
by complete bibliography in the referenced publications. Numerous internal seminars devoted to 
the project at the Charles University are not listed. 

Not described explicitly in the report, but worth to mention here, is that the project has 
significantly extended the previous predominantly theoretical profile of the Prague group into a 
more practical one. That is how the project ‘outreached’ from Greece into Czech Republic. On 
the other hand, we believe that the project as a whole has profited from non-standard theoretical 
solutions developed in Prague, some of them completely unexpected during the original project 
planning. (The most important of them is the innovated CDP-section fully elastic 2D modeling, 
combining the finite-difference and ray method.) The new method brings a lot of hopes how to 
help in practice, but it also creates additional research questions. Therefore, attached to this 
report is a list of unresolved problems worth to study in a future project. 
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1. Introduction 
 

Reflection seismic measurements of shallow underground structures are complicated by 
subsurface low-velocity layers (e.g., sediments above the water-table level), and usage of the 
surface sources. As a rule the weight-drop surface source generates P and S waves with a 
complicated radiation pattern, and the ground roll is also very strong. Moreover, the high P-
velocity contrast at the water table gives rise to intensive head waves, whose arrival times may 
be close to those of the primary reflections from the investigated horizons. Another complication 
comes from extremely high Vp/Vs velocity ratios often encountered close to surface (Tselentis et 
al., 1996), as well as from the highly contrasting velocities and Vp/Vs velocity ratios at the 
boundaries between the layers. 

All these serious complications contrast with fact that majority of exploration works is 
processed and interpreted under very simplifying assumptions. For instance, earth is treated as 
horizontally layered only (1D models), in the so-called acoustic approximation (only P waves 
considered, all P-S and S-P conversions neglected). The reasons for the simplifications are 
purely practical: exact methods are lacking, or existing but unstable, and/or time consuming. 

Anyway, innovation is possible, through seismic modeling based on the combination of 
various methods. The intention of this report is to review improvements in the seismic modeling 
for shallow reflection seismics done by the finite-difference, hybrid, and ray method. Practical 
goal is to provide tools for modeling seismic time sections that would improve understanding of 
the recorded wavefields, and help to avoid the interpretation traps. The target of these studies are 
the lignite mines at the Domenico site in Greece, studied within the NATO SfS project (1995-98) 
in a close co-operation between the University of Patras and the Charles University in Prague. 

Part A (Sections 2 to 5) concentrate on the numerical aspects, part B (sections 6 to 10) is 
focused on modeling the seismic time sections. Conclusions and outlook are given in part C 
(section 11 and 12). Abbreviations FD, DW and R (or RM) denote the finite difference, discrete 
wavenumber and ray method, respectively. The other often used abbreviations are LVL for low 
velocity layer, and CDP for common depth point (better common midpoint) method of the 
reflection seismology. The terms ‘coal’ and ‘lignite’ are used as synonymous because this report 
has no geologic orientation. 
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PART A 
 
 
2. Finite-difference method, PS2 scheme 
 
Shallow deposits are structurally complex, thus requiring robust numerical methods. An 

important question for practical applicability of the FD method is ‘which features of the elastic 
finite-difference schemes are essential for their accuracy, and which ones allow simplifications?’. 
Zahradnik (1995a) has shown that the schemes employing the geometrically averaged 
parameters are more accurate than those using local material parameters, mainly when a material 
discontinuity passes between the grid lines, see Fig. 1. This means that a relatively complex 
coding of the effective parameters is rewarding. 

On the other hand, it has been also shown that the accuracy of the mixed spatial derivatives at 
the internal grid points does not degrade when the number of the implicitly employed stress 
values and the geometrically averaged material parameters decreases from four to two (the co-
called Full and Short Forms, respectively). The Short and Full Forms give the same numerical 
results, while 50 percent of the arithmetic operations are saved with the Short one (Fig. 2). That 
is the case where simplification is possible at internal gridpoints. However, at the free-surface 
points such simplification is not allowed, and the Full Form should be used, otherwise a spurious 
body force is created and the scheme violates the vanishing-stress condition. Based on these 
results a new simple elastic scheme (called PS2) has been suggested in Zahradnik (1995a), eqs. 
(3), (10), (16). 

The PS2 is a second-order scheme in displacements on a regular square grid. Complete 2D 
elastodynamic equations, thus all P, S and converted waves are considered, including all 
multiples, head waves, diffracted waves and/or basin edge-generated waves. Medium is 
represented as composed of homogeneous polygonal blocks with constant velocities Vp and Vs. 
Attenuation is only approximately included by terms proportional to the ground velocity (a 
single quality factor for P and S waves, Q=const * frequency), which however may vary with 
spatial co-ordinates. Various sources may be considered, but this report employs only the vertical 
force. 

So far, an elastic FD scheme of reasonable properties simpler than PS2 has not been known to 
the author of this report. Another advantage of the PS2 scheme is that its flat free-surface 
treatment (the so-called vacuum formalism) is simple, but, at the same time, it has got an exact 
proof of approximating zero traction with first order accuracy. For popular ‘staggered-grid 
stress-velocity schemes’, widely used in literature, such a proof has been lacking so far. 

 
 
3. Hybrid DW-FD method 
 
Near surface low-velocity layers, encountered practically at any lignite deposit, disturb 

considerably the wave field. The so-called ground roll effect is an example. Of a particular 
complexity is the ground-roll generation and propagation in 2D (laterally heterogeneous) surface 
layers. The FD modeling is useful for these purposes, but it is time consuming when the source is 
distant from the deposit. Thus our intention was to develop a hybrid method able to treat 
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localized 2D structures embedded in (possibly deep) 1D media, and excited by relatively distant 
sources. For this purpose Zahradnik and Moczo (1996) have combined the Discrete-
Wavenumber (DW) method and the Finite-Difference (FD) method. Both techniques allow the 
computation of the complete wavefields, including all body and surface waves arising due to the 
source and near-surface interaction effects. The linear stress-strain relation is assumed. 

The principle of the method is explained in Fig. 3. In the first step, the source is present, and 
the DW method is used to compute the 1D background wave field in the horizontally-layered 
model (the 2D structure absent). In the second step, the source is already absent, and the FD 
method is employed to calculate the wavefield due to the 2D localized near-surface structure. 

Zahradnik and Moczo (1996) concentrated on the accuracy analysis of the hybrid method, and 
methodical details. Most importantly it has been shown that wavefields due to relatively distant 
3D explosive point sources, located in the same plane as that of the FD model, can be propagated 
through 2D FD models with a very small distortion only (that coming from the 3D spreading, 
impossible to represent in 2D models). 

The practical applicability of the DW-FD method was tested in an internal report (Zahradnik, 
1995b). The source was 2D (line perpendicular to the FD plane) in order to prevent any 
inconsistency between the 3D source and the 2D FD model. The focus was not on distant 
sources, but rather on a possibility to use 1D DW solution for a deep background model, while to 
limit the 2D FD solution to a shallow model. 

The model of Fig. 4 was studied, with the source at x=242 m, and z=1 m. In the first step the 
background wavefield due to the source was calculated for a 1D model obtained from the 2D one 
by ignoring the depression in the top layer. The second step, in which the source is already 
absent but the depression is present, was repeated twice: for the ‘complete 2D model’ , and for 
the ‘truncated 2D model’. The complete 2D model is that of Fig.4. In the truncated 2D model the 
deeper discontinuities (at 30 and 80 m) are ignored. For both experiments the reference solution 
is the direct FD solution with the source employed inside the computational domain. 

The hybrid DW-FD results for the complete 2D model, agree perfectly with those from the 
direct FD method; both these solutions fall within the thick line in Fig. 5. However, for the 
truncated 2D model (thin line in Fig. 5), the agreement is worse. This important result has been 
interpreted as omission of the secondary scattering in the hybrid method. Better speaking, the 
primary scattering of the 1D wavefield on the top-layer depression is correctly accounted for, but 
further interactions of the already 2D scattered field with the deeper discontinuities are lacking. 

This means that for very detailed studies, like those of the shallow seismic reflection 
technique, where a high resolution is needed, the second step of the hybrid method would require 
relatively deep models, thus loosing partly its advantages compared to the direct FD method. 
That is why we finally decided to continue with the (more expensive but safer) direct FD method 
at the Domenico site. 

 
 
4. FD method on irregular grids 

 
The finite-difference modeling of complicated structures requires efficient algorithms. The 

PS2 scheme is simple, but limited to regular square grids only, i.e. the grids with equal steps all 
over the entire model. If in any part of the model a small grid step must be used, for example in 
order to approximate correctly a non-planar surface, or a low-velocity region, the rest of the 
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model (in which a larger step would give the same accuracy) becomes oversampled on the 
regular grid. To resolve this problem, the PS2 scheme has been generalized to spatially irregular 
grids ( called the PSi2 scheme), see Oprsal (1996), and Oprsal and Zahradnik (in press). To keep 
simplicity, the grid is rectangular, thus no interpolations are needed on the transitions between 
the coarse and fine grid steps. 

Features like faults, low-velocity layers, cavities, and/or non-planar surfaces are treated on a 
fine grid, while the remaining parts of the model are, with equal accuracy, represented on a 
coarse grid. As found in extensive numerical experiments, relatively fast transitions (e.g. 20:1) 
between the small and large gridsteps produce no numerical artifacts in the present method. This 
is even more abrupt than the changes so far reported in the literature. Of course, such abrupt 
changes of the gridstep size are possible only if the coarse parts are sampled at least by 10 
gridpoints per wavelength. 

As in PS2, free surfaces, planar or non-planar, are again treated in PSi2 in a way similar to 
internal grid points, i.e. considering the zero-valued elastic parameters and density outside the 
free surface (the vacuum formalism). A theoretical proof that the vacuum formalism fulfills the 
free-surface conditions has been given even for corners. Numerical validation has been 
performed through comparison with independent methods: FD with explicitly prescribed 
boundary conditions and finite elements. 

The new elastic FD scheme PSi2 is, of course, more complex than the original PS2, but it is 
economical enough. Memory and computing time needed in the studied models ranged only 
between 10 to 40 percent, compared to regular square grids of equal accuracy. 

An important practical problem in the lignite exploration is to detect localized heterogeneities 
in the coal overburden, like boulders and/or cavities. Both empty cavities, or those filled with 
water may be encountered. We have modeled a seismic section containing a single horizontal 
seam and cavity (Fig. 6). The wavefield is excited by an array of the equidistant sources (vertical 
forces) along the free surface. A transient response due to Gabor’s wavelet with a predominant 
frequency of 75 Hz is shown in Fig. 7 for an empty cavity. A significant irregularity of the 
employed grid, allowing correct representation of the structural details, is used; and, at the same 
time, there is a coarser grid in major part of the model. As a result, both the coal seam and cavity 
have been clearly imaged with only 40 percent of the computing compared to the employment of 
a regular grid of the same accuracy (i.e. with negligible difference between the synthetics). The 
model was also calculated without cavity, and the corresponding 1D solution was then subtracted 
from the complete solutions (bottom panel in Fig. 7). The same method has been used to 
compare the elastic response of the empty cavity, and cavity filled with water, see Fig. 8. 

A number of various models with cavities (as well as solid inclusions, ‘ boulders’) in the coal 
overburden were calculated with the intention to prepare the ‘blind data’ for the inversion test, 
that, however, has not been finished so far. One of the reasons why we put lower priority to this 
research was that the 2D limitation of our present code makes such a study too much 
oversimplified. First attempts to relax this limitation were made by Bucha (1998) who started his 
3D analysis of the ‘boulders’ by the ray method. 



 8

5. FD method in random media 
 
Reflection seismology in shallow depths is complicated by presence of very thin layers, 

featuring strong depth and lateral variations. That is why certain features of the wavefield cannot 
be modeled fully deterministically. One appealing possibility we started to develop, but later 
decided not to use for the Domenico project, is the Empirical Green function approach (Plicka 
and Zahradnik, 1998). The stochastic perturbations included directly in the FD method were 
studied by Oprsal and Zahradnik (1997a,b). 

As an example of the latter method, let us present the model consisting of a homogeneous 
halfspace Vp=2000 m/s, Vs=500 m/s, Rho=2200 kg/m3, excited by a P wave vertically incident 
from below, whose time history is the Gabor signal with predominant frequency of 75 Hz. The 
50 receivers are located on the free surface, at equal intervals of 6 m. The grid was regular; the 
space gridstep of 0.66 m, and the time step of 0.16 msec. We studied a box 200 m wide and 120 
m deep. The planes of symmetry and antisymmetry on the left and right vertical sides of the 
computational box were applied, for the vertical and horizontal components, respectively. 

We perturbed separately both Lame’s parameters and the density. Initially, the perturbation 
was a 10 percent white noise, but it led to unconditional instability (i.e. with overflow even for a 
drastic decrease of the time step, for example, 0.06 msec). To stabilize the calculations, the 
density variation was subjected to a low-pass filtration in the wavenumber domain. An example 
of the density perturbation, and its spatial spectrum along one of the gridlines, see Fig. 9. The left 
and right panels of the figure are for two different filters. None of them yield a catastrophic 
instability as that in the non-filtered case, but one of the filters (left panel) resulted in 
unacceptable numerical artifacts (say, a ‘slowly growing instability’) after 250 msec, i.e. 1560 
time steps. Just a slight change in the perturbation spectrum stabilized the solution, see Fig. 9 
right. Although the solution is shown only up to 300 msec, equally stable solution was obtained 
even for a very long run (34 000 time steps). 

Other shapes of the stochastic perturbation spectra were tested, too. Those with narrow, fast-
decaying spectra do not make any problem, but broader spectra may be critical, in particular 
those with local maximum at the wavenumbers around 0.5 per gridstep. Because of these 
problems, stochastic perturbations were not included in the final FD modeling for the Domenico 
site. 

 
 
PART B 
 
 
6. FD method in routine modeling 
 
Any numeric simulation inherently includes a trade-off between two opposite requirements: 

easy data preparation, and wide applicability. 
Our FD method has been coded in such a way that passing from one lignite-deposit model to 

the other is possible without any code change. The price we pay for such an advantage is that 
user has to specify the model composition from non-overlapping convex polygonal blocks. Most 
importantly, the block edges are specified in physical coordinates, thus the same model can 
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easily be recalculated on larger or smaller gridsteps, according to the required accuracy. For 
example, smaller gridsteps are needed when increasing the predominant frequency of the source. 

To facilitate the data preparation, an interactive method of the input data generation has been 
developed, and various plotting routines have been written (Zahradnik, 1995c and 1996; 
Zahradnik, Oprsal, Plicka, 1996). A parametric study devoted to single versus multiple lignite 
seams, and continuous versus faulted seams was performed by Zahradnik (1996). Thus the FD 
method became a routine tool for the coal modeling in Prague and Patras. The layer depths, 
thicknesses and velocities in the cited parametric study have already been chosen as close to 
reality as possible, according to the Domenico first field measurements (H. Gaertner, pers. 
comm.). 

One notable practical result of Zahradnik (1996) was a simulation showing how the ground 
roll could be reduced by ‘trace mixing’. Being nearly harmonic in its surface-wave part, the 
ground roll significantly reduces when summing up the traces from the geophones separated by 
half wavelength. Thus the FD method, able to ‘predict’ the ground-roll predominant wavelength 
even for complex 2D models (with a laterally varying subsurface low velocity layers) 
demonstrated its usefulness for the non-standard, sophisticated planning of the data acquisition 
parameters. On the other hand, the ray method, also broadly used for prospection purposes, fails 
in such tasks, since the interference phenomena like the ground roll cannot be treated by that 
method. 

Importantly, the study also clearly indicated that the wavefields at the Domenico sites will be 
difficult to understand, and ‘easy to misinterpret’ due to the planned usage of the surface sources. 
In particular considerable S waves and converted phases were found for the accelerated weight 
drop source, simulated by the vertical force. 

 
 

7. Interpreting complex wavefields by R method 
 
The FD modeling is advantageous because providing complete seismic wavefields. On the 

other hand, understanding (interpreting) any FD simulation is nearly as complex as that of real 
data. Therefore, Bucha (1996a,b) analyzed the synthetic ‘coal’ wavefields of Zahradnik (1996) 
by means of detailed ray tracing calculations. 

The model is shown in Fig. 10. It consists of four major blocks: (1) the low-velocity layer 
(LVL) below the surface, whose bottom is the water-table level, (2) overburden, (3) coal seam, 
and (4) bottom layer. The coal seam is faulted and displaced by half of its thickness along the 
fault. The following denotation has been used for the ray families: e.g. Pr3 is the P wave 
reflected at the 3rd interface (the surface is the 1st interface), i.e. at the top of the coal seam, Pr423 
is the P wave reflected at the 4th, 2nd and 3rd interface, PSr2 is the P wave converted to S during 
reflection at the 2nd interface, etc. As a small example, see Fig. 11. The travel times 
corresponding to the individual rays of Fig. 11 were then compared to the FD synthetics, Fig. 12. 
The same experiment was repeated for four surface sources with similar results. 

It has been found that P reflections from the coal seam top (Pr3) and bottom (Pr4) are mixed 
(when considering a finite source-pulse duration) with many other arrivals, some of them 
affected also by the LVL, e.g. Pr323, Pr423 . Thus the LVL complicates the wavefield not only 
by the ground roll. The converted phases constitute significant contributions, too. 
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All these results have indicated potential problems in the interpretation of real data. The main 
warning is that standard processing methods (based on the assumption of pure P waves in 1D 
medium) cannot eliminate the converted waves completely, thus some of them can be 
misinterpreted as fictitious reflecting horizons. The LVL may contribute to these difficulties very 
much, and in a way sensitive to the (usually not very well known) Vp/Vs velocity ratio. The 
static correction and the ground-roll suppression cannot eliminate these problems. The only way 
toward correct interpretation is the FD elastic 2D modeling of the time sections accompanied by 
the RM interpretation. 

This was a major change of the modeling strategy in Prague, simply expressed as ‘from single 
shots to multiple shots and CDP stacks’, accompanied by processing synthetic data as if it were 
real data. Two professional software packages were purchased for that purpose, WinSeis (Kansas 
Geol. Survey) and later Vista (Seismic Image Software). Learning and training with that software 
was a new exciting and useful (but very time consuming) experience for us. 

 
 
8. Modeling CDP time sections by the FD method 
 
One of the most important targets of the shallow reflection seismics are the faulted coal 

seams. As indicated in the previous sections, it is not clear whether standard processing methods 
allow correct interpretation of the seismic measurements. To answer this question we have 
performed the following modeling experiment (Bucha and Zahradnik, 1997; Zahradnik and 
Bucha, 1998): 

Let us consider again the model of Fig. 10. Seven sources are fired independently at the 
profile locations x= 100, 150, 200, 250, 300, 350, and 400 m. To approximate the weight-drop, 
each source consists of a single applied vertical force. As an example, synthetics for the source at 
x = 100 m are shown in Fig. 13, accompanied by the RM travel times in Fig. 14. Shown in Fig. 
13 is the wavefield after automatic gain control (AGC) allowing to inspect the details both at 
small and large offsets, inside and outside the ground-roll fan, respectively. 

The next step is simulation of the standard processing using the synthetic data of the all seven 
sources. It is performed in several modes. Mode 1 includes muting, CDP gather, velocity 
analysis, NMO correction, and CDP stack. Mode 2 has no muting, but AGC, f-k filtering, NMO 
correction, and CDP stack. 

Results of both Mode 1 and 2 are similar, thus only Mode 2 is shown in Fig. 15. Surprisingly 
enough, the step-like shape of the lignite layer is not imaged well. This contrasts with more 
optimistic estimates of the resolving power based on the Fresnel volumes (Kvasnicka, 1995). 

Let’s mention that similar negative results were obtained with many other modes (varying the 
processing parameters in dozens trials). The same happened when processing our synthetics by 
the most sophisticated professional software (PROMAX, Landmark), solicited from two 
independent experts, who did not know the ‘true’ structural model, i.e., who made a ‘blind’ 
experiment. 

To understand why the processing failed in revealing the step-like layer, we return to the 
‘data’ (Fig. 13) and their RM interpretation (Fig. 14). We find that primary P reflections are 
superimposed (within the employed 20 msec pulse duration) with the other phases. These are the 
P and S reflections inside the LVL layer in small offsets, and the head waves from the LVL 
bottom in larger offsets. 



 11

On the other hand, (not shown here) we found that the step-like seam can be easily imaged by 
CDP stack of the converted phases in later recording times. 

There is also another way how to remove the mentioned masking effects of the LVL layer, 
and to image the step-like seam still by the P reflections. To this goal we calculate the wavefield 
generated by the same sources and with the same LVL as above, but underlain by a 
homogeneous medium (the coal layer absent). Then we subtract this wavefield from the 
complete one, thus getting the so-called differential wavefield. Then, repeating the same 
processing as in Fig. 15, we get a good image of the faulted lignite layer (Fig. 16). Of course we 
are aware of a little bit academic character of this result, because for practical application of the 
method a very good knowledge of the LVL, as well as of the source wavelet, would be needed. 
This is one of potential improvements left for future projects. 

Instead, we continue with a more pessimistic view that in real data, and routine processing, 
the P-wave primaries can hardly provide the correct interpretation in the case similar to Fig. 10. 

 
 
9. Modeling CDP time sections by the R method 
 
The FD calculations are time consuming, thus not suitable for producing many (dozens or 

hundreds) single-shot synthetic sections. At situation like this it is appealing to apply the R 
method not only for the wavefield interpretation (as above), but also for generation of the 
synthetic seismograms (Brokesova, 1998). This task, however, is much more delicate as 
compared to the ray tracing and travel time calculations, because the investigated models are at 
the edge of the applicability limits of the ray theory. 

To investigate this problem in some detail, we have modeled the same structure (Fig. 17) both 
by the FD and R (dynamic) method; see Brokesova, Bucha, Zahradnik (1997). 

As a first step, in Fig. 18, we show the R synthetics (source at x=0) together with their 
interpreted travel time branches. Importantly, the interpretation was based not only on travel 
times, but also on amplitudes. ‘True’ amplitudes without any scaling are given. The colors 
indicate the individual layers. 

The most important elementary waves here are 2, 11, 13, 26, 27=28, 48=49. (Sign ‘=’ means a 
kinematic equivalent.) They are coded in the following way: each code is a sequence of integers 
the absolute value of which represents the successive number of the layer through which the ray 
propagates (counted from the top). Negative numbers correspond to S waves, positive to P 
waves. For example: 1 is coded as 1,1; 2 as -1,-1; 11 as 1,2,2,1; 13 as 1,2,2,-1; 26 as 1,2,3,3,2,1; 
27 as 1,2,3,3,2,1,1,1; 28 as 1,1,1,2,3,3,2,1; 30 as 1,2,3,-3,-2,-1; 35 as -1,-2,-3,-3,-2,-1; 48 as 
1,2,3,3,2,-1; 49 as -1,2,3,3,2,1. Note again, similar to Sections 7 and 8, a notable effects of the 
LVL layer and the P-S conversions. 

As a second step we show the same RM wavefield as that of Fig.18 but with amplitude 
scaling proportional to the offset (Fig. 19), and we compare it with the FD modeling (Fig. 20). 
Unfortunately, only a very rough qualitative agreement was found. The explanation is that in the 
R calculations some phases are missing at all (e.g. head waves, or diffracted waves), and others 
differ in their amplitudes due to wavefield incompleteness caused by the limited number of the 
elementary waves considered in the RM modeling. Besides these, there are also ‘local 
imperfections’ of the R wavefield due to artifacts of the two-point ray tracing in complicated 
models, for example sharp boundaries between illuminated and shadow zones. 
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At situation like this we know that the RM modeling of the multiple shots and CDP stacked 
sections will be different from the FD modeling, but, anyway, we are interested in the question 
like ‘will the RM stacked section display the step-like coal seam, or not ?’. 

To resolve this question, the point source synthetic seismograms have been generated for 9 
shots along the profile of Fig. 17, with the shot spacing of 15m, and the receiver spacing of 3m. 
Fig. 21 shows an example for one shot (at 75 m) after AGC. To suppress the ground roll 
generated in the top layer, the f-k filtering was applied (Fig. 22). As a next step, the velocity 
analysis, NMO correction and CDP stack were employed, thus leading to the final synthetic time 
section shown in Fig. 23. 

As seen from Fig. 23, the seam is imaged as an (apparently) sandwiched layer, because within 
a narrow time window we record several waves, defined in Fig. 18: the P reflections from the top 
of seam (11), the P reflections that traveled as S in the LVL layer (13), and analogical reflections 
from the base of the coal seam (26, and 48=49), and also the P reflections from the coal bottom 
that were also reflected inside the LVL layer (27=28). Therefore misinterpretation of a single 
coal seam (sometimes ‘supported’ by drilling results) in terms of sandwiched layers is a great 
danger. 

At times between 300 and 400 msec we identify the seam image formed by the converted PS 
waves (code 30, i.e., 1,2,3,-3,-2,-1, meaning the P wave reflected at the coal bottom as S wave). 
One has to avoid its wrong interpretation in terms of a ‘second’ seam. 

Anyway, regardless of all of these complexities, the overall result is that the RM synthetic 
CDP section does clearly show the step discontinuity in the lignite layer around x=60 m. A 
challenging finding of this experiment is that the ‘local imperfections’ mentioned above become 
unimportant when CDP stacking is applied. 

Comparing to the results from similar model treated by the FD method (Section 8), where the 
LVL effects masked the step-like seam structure, we arrive at the conclusion that, with the R 
method, no masking effects take place. Such a big difference between the RM and FD synthetic 
CDP sections is understandable in the light of the differences between the RM and FD single-
shot synthetics discussed above. The ray method, providing incomplete wavefield, gives more 
‘optimistic’ conclusion (i.e., it does indicate the faulted seam), because the waves responsible for 
masking are not included in the RM solution. This is how a disadvantage of the R method 
apparently transforms into an advantage.  

How to understand this strange result, and how to employ it in practice? Generally speaking, 
we don’t know exactly, and it represents a major basic question for any future research. Most 
likely, if the interpretation of real data displays a clear image, it is reasonable to test the 
interpretation only by the forward RM modeling. If, however, real data provide an unclear 
image, then the interpreter constructs some trial model, and the RM provides much clearer 
synthetic image than the real data, this situation probably indicates that the interpretation may be 
wrong, and masking effects may be present. Then (expensive and time consuming) FD modeling 
is worth to apply, besides the RM modeling, and both together could clarify the puzzling 
situation. 

We conclude that just the combination of the RM and FD method is an useful tool to interpret 
correctly the measurements. The synthetic RM time sections are simpler than those obtained by 
FD, allowing to understand and interpret the individual reflections. On the other hand it is risky 
to use only RM synthetics. Without FD we do not get enough warning about the interpretation 
problems that can be encountered when processing real complete wave field data. 
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10. Validating the Domenico final model 
 
This part of the GR-COAL project research started in April 1998, and had not been finished 

and covered by any paper or report prior writing the present review. 
The intention is to verify the final structural model obtained by the Patras group from the GR-

COAL seismic measurements. To this goal, we compare a 625 m long segment of the CDP time 
section at one of the Domenico profiles with its numerical model. 

The true time section (Fig. 24, Tselentis, pers. comm.) features three coal seams and bedrock. 
We are interested mainly in modeling the coal reflections. The structural model derived from this 
(and other) time section and drilling (Paraskevopoulos, pers. comm.) was transformed into a 2D 
block model suitable for the FD modeling, shown in Fig. 25. The numbered layers mark, from 
above, the subsurface LVL layer (P velocity of 800 m/s), and the three coal layers (Vp= 1750, 
1950 and 1850 m/s). The upper coal layer is faulted at the left side of the profile, see blocks 3 
and 11. As the S velocities are not known well, an approximate Vp/Vs velocity ratio of 4.3 is 
assumed throughout the entire model. The predominant frequency of the source (Gabor) wavelet 
is 100 Hz. 

 
Based on the warning of Section 9, that the RM synthetic time sections can suffer from the 

incompleteness of the R wavefield, but also considering that a single-shot FD modeling of the 
section shown in Fig. 25 takes about 18 hours (!) of computer time, we decided to try a 
‘compromising’ solution. It consists of performing the CDP time section modeling by the FD 
method for an array of the sources acting simultaneously at the free surface. 

This approach keeps completeness of the wavefield (all multiples and conversions 
automatically included), but avoids the complications coming from the ground roll, as well as 
from the head waves generated on the base of the LVL layer. We believe that such technique 
may provide an approximate model of the non-migrated CDP stacked time section. 

Moreover, for simplicity of the present example, we assumed that the LVL effects in real data 
were corrected as much as possible, thus we use the topmost layer of the model with the same 
parameters as in the second layer (Vp=1950). For this formal reason, there is a time shift of about 
50 msec between the real and synthetic data presented below. The other experiments (not shown 
here), fully considering the velocity of 800 m/s inside the LVL, provided basically analogous 
results. Here we concentrate only on a few selected results. 

In model W1 (Fig. 26) we display the FD section for the 2D model in which only P waves 
were considered. (The elastodynamic equation was solved formally with Vs=Vp, and mixed 
spatial derivatives were omitted.). This is what we call ‘acoustic’ model. In Fig. 27, there is an 
‘elastic’ model W4, in which the complete elastodynamic equation was solved, and Vp/Vs=4.3 
was employed. Although the FD sections require further migration, two results become clear 
from the comparison of Figs. 26 and 27, already at this stage: The P reflections dominate the 
sections, both the reflections from the top and bottom of the coal seams are seen, and the 
converted waves complicate the picture significantly. The bedrock is not considered in these FD 
models, i.e. the lower coal layer is underlain by a homogeneous medium of the P-velocity of 
2800 m/s. In other words, we restrict our modeling to time before arrival of the bedrock 
reflections here. 
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Comparing synthetic sections of Figs. 26 and 27 to the true section of Fig. 24, we conclude 
that the main features of the structural model have been validated, at least in a qualitative sense. 
This includes also not only the main top (1st) and bottom (3rd) coal seam, but also the 
‘intermediate’ (2nd, ‘curved’ coal seam of Vp=1950). At least in the left part of the profile, this 
intermediate coal layer seems to be separated from the upper coal layer (that of Vp=1750). 
Further confirmation of the existence of the intermediate coal layer comes from an additional 
model W7 (Fig. 28), in which that layer was formally omitted, and the agreement with the real 
section became worse. Some difficulties of the real section indicated in the first arrivals at the 
central part of the profile may have been similar to the masking discussed in Section 8. Anyway, 
by far the most ‘dangerous’ for the interpretation, seem to be the converted phases, some of 
which mimic non-existent coal seams, e.g. in the left part of the profile, between the reflections 
from the second and third coal seam (0.8-1.2 s in Figs. 26 and 27), and also after the reflection 
from the third coal seam along the whole profile. 

Finally, the Domenico time section modeling by the ray method was performed. A smooth 
structural model (Fig. 29) was used. The experiment is closer to reality than the above FD 
experiment in that sense, that 16 sources were independently 'fired' at the earth surface (at 125, 
150, ... 500 m of the profile), each of them 'recorded' by 125 'geophones' (interval of 5m), and 
then the individual sections were NMO corrected and CDP stacked (Fig. 30a). On the other 
hand, in contrast to the FD method, only selected wavetypes were considered: primary P and S 
reflections from all the interfaces (except the LVL bottom), P-to-S and S-to-P conversions at 
these interfaces, and also some P and S multiple reflections inside the coal layers. As seen from 
Fig. 30a, the resulting synthetic CDP section agrees very well with the true section of Fig. 24. An 
experiment (Fig. 30b) was also made, in which, besides the above listed wavetypes, the 
additional reflection of the waves coming from below was allowed inside the LVL. This 
experiment has demonstrated that in spite of the fact that the undesirable reverberations due to 
LVL were not fully eliminated by the CDP stack, the main features of the structure have still 
been imaged well. On the other hand, some of the persisting reverberations can be misinterpreted 
as apparent 'horizons'. 

 
 
11. Conclusions 
 
Seismic modeling for purposes of lignite prospection at the Domenico site in Greece has been 

complicated by several factors (most of which are, however, not site-specific): 
 

• non-horizontal lignite layers, including faulted and displaced seams, 
• two or more lignite 'floors' at different depths, 
• low velocity layer (LVL) below surface, with very small velocities, 
• very large Vp/Vs velocity ratios, 
• layer thicknesses comparable to wavelength. 

 
These factors imply that any seismic modeling that has to include synthetic seismograms for 

such structures is a difficult task, just on the applicability limit of the existing methods. 
Omitting methodical details (covered by 7 journal papers, 8 internal reports, 7 conference 
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contributions, and 1 diploma thesis, listed below), the main conclusion is that three major 
program packages have been developed by the Prague group, allowing the two-dimensional (2D) 
elastic modeling for a very wide class of the lignite-deposit models. The term 'elastic' (opposed 
to simpler 'acoustic') means that the modeling addresses not only P waves but also P-to-S or S-to-
P conversions. The packages are as follows: 

 
1.  common-shot time sections by the finite-difference (FD) method, 
2.  common-shot time sections by the ray (R) method, 
3.  the interpretation of the individual waves of the common-shot time sections (1) and by 

the ray tracing and travel-time calculations. 
 
At this place, the interrelation between 1, 2, and 3 should be stressed. In fact, one of the main 

contributions of this report is that, in contrast to most published papers on the similar subject, we 
have tried to combine the R and FD methods as much as possible. This has been motivated by 
our experience that the wavefields simulated by method 1 are very complex, nearly as complex 
as field data, thus difficult to understand without the interpretation method 3. 

Another motivation, why we have focused on both FD and R methods, was that the two 
modeling tools, (1) and (2), give rather different results. This may be a bad message for too much 
optimistic practitioners, who expect clear solutions to be provided by the theoreticians, but, 
unfortunately, clear solutions to these complex tasks do not exist. 

Indeed, methods (1) and (2) are based on different theoretical principles. For example, the FD 
method automatically provides the complete wavefield (including all existing P,S and converted 
waves, all head waves, diffractions, etc.). This may seem to be always advantageous, but it is not. 
First of all, the calculations like this are time consuming. For example a single common-shot 
section for 600 m Domenico profile, and for the source of the 100 Hz predominant frequency, 
takes about 18 hours of computing time on a standard workstation or Pentium II. 

Moreover, the FD calculated wavefield may often include strong interference waves coming 
from the subsurface LVL (the ground roll), which is of course positive feature of the method, but 
when the ground roll dominates the synthetics, and when the FD method does not allow any easy 
separation of this wave (obscuring the coal reflections), then the advantage converts sometimes 
into disadvantage. On the other hand, with the R method, the calculations are very fast; for 
example 10 minutes compared to the 18 hours mentioned above, but some waves are missing in 
the calculated wavefield (the ground roll, the head waves, the diffracted waves), or their 
amplitudes are significantly different from the FD calculated amplitudes, because only a limited 
number of the elementary waves is considered in the R calculation. 

All these circumstances have complicated the investigation. Anyway, based on extensive 
parametric studies for the Domenico site, two clear general conclusions have been drawn from 
the common-shot modeling by the methods 1-3, listed above: 

• The interpretation of the Domenico field data is complicated by numerous waves arriving 
within narrow time windows, e.g. within or close to the 10-20 msec window (wavelet 
predominant frequency of 100-50 Hz). In cases like that, the interpreters often rely very much on 
the borehole data. The lithological profiles at the Domenico site show that lignite is sandwiched 
with clay or sand. Therefore, one may tend to 'see' the thin layers also in the time sections. The 
modeling, however, indicates that the time section may contain many reflection events looking 
like the thin layers, although the structural model includes the non-sandwiched (relatively 'thick') 
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layers only. The reflections simply come from multiples and conversions, some of which are of a 
rather unexpected, 'special history', e.g., the P reflection from the lignite that, on his trip to 
surface, was reflected inside another layer, or even was transformed to the S wave at another 
boundary. These are not simple 'multiples' in sense of multiple reflections from the same layer, 
e.g. from the coal, thus difficult to eliminate by standard processing methods. 

• A 'myth' of the processing methods is that the LVL effects consist in time delays and 
ground roll effects, thus can be eliminated from the field measurements by static corrections, 
trace mixing, and f-k filtration. This is of course true for the waves travelling only in the LVL, 
and thanks to the large velocity contrast between LVL and the underlying medium these waves 
are relatively strong, easy to recognize and suppress. However, our numerical experience says 
that some intensive waves reflected and converted inside the LVL after reflection from the coal 
may occur at arrival times very different from the ground roll, close to the 'ordinary' reflections 
from the lignite seams, and cannot be eliminated easily. 

 
A question arises how to employ such a 'warning' in practice. Even if we perform modeling, 

and identify correctly the most intensive waves in a single common-shot section of the field data, 
this may be of limited practical value, since most interpretations are based on the common depth 
point (CDP) time sections. That was why, in mid 1996, an important decision (not foreseen in 
the original project planning !) has been accepted by the Prague group, i.e. to try modeling of 
the CDP time sections. 

To bridge the gap between the facts that CDP stacked are needed, while the most 'natural' 
calculation for the FD and R method is the common-shot configuration, three methods of CDP 
simulations have been developed: 

 
A) Repeated single-shot 2D elastic calculations by FD, followed by standard processing (CDP 

gather, NMO correction, CDP stack; with an optional f-k filtration to suppress the ground 
roll). This is what we call 'multi-shot CDP modeling by FD method'. 

B) The same as A, but using the R method to construct the individual single-shot synthetic 
sections, called 'multi-shot CDP modeling by R method'. 

C) Single 2D elastic FD calculation of the synthetics along a profile excited by an array of 
sources acting simultaneously at the surface, called 'array CDP modeling by FD method'. 

 
As the synthetic data are concerned, repeated shots need not be so numerous as with the field 

data. Anyway, method A becomes a 'supercomputer' task. Method B is very fast. Method C, 
requiring just single FD run, is slower than B, but reasonable on standard workstations or larger 
PC's. 

We hope these three methods represent an up-to-date tool for forward CDP modeling. Using a 
structural model, derived from conventional interpretation methods (a structural model in true 
depths and velocities), the CDP sections simulated by A, B, or C may provide validation of that 
structural model. The A is closest to reality, while B and C are more approximate; see also 
discussion below. 

So far this new software has been used for two purposes: forward modeling for very 
preliminary structural models at the Domenico site, accompanied by parametric tests, and 
forward modeling for a small segment of the final Domenico model. 

Two preliminary models were tested, viz. 'COAL' and 'GR-COAL 2D'. Large differences have 
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been detected between the simulated time sections from the three approaches, A-C. The most 
interesting finding is that head waves from the LVL base can produce a strong masking of 
primary reflections from the lignite layer in method A. Due to this masking, some features of the 
structure, for example step-like offsets of the lignite layer along a fault, may not be seen in the 
field CDP stack, even if a careful processing with ground-roll suppression is done. While this 
result was obtained from method A, neither the R modeling (method B), nor FD method C, 
reveal the masking effects. This is because the waves responsible for the masking effect were not 
considered in B and C. Is this a failure of the methods B and C (too far from reality), or is it an 
advantage that the B and C simulations are more clear than A (thus suggesting a simpler 
interpretation of the field measurements)? 

 
Finally, we have performed a partial validation of the Domenico structural model along one 

segment of the measured profiles. Since the structural data were not available sooner than in 
April 1998, presented here is only a preliminary result. The CDP simulations by methods B and 
C? have been applied, which has confirmed main features of the structural model. Is this a proof 
of the correctness of the model, or is this just an apparent agreement thanks to simplifications 
employed in method B and C? 

 
We have not been able to answer the last two questions, and we believe they belong to general 

open problems of the processing and interpretation of the reflection measurements. Most likely, 
straightforward answers do not exist, and an additional research is needed. 
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12. Outlook 
 
This project started with the intention to help in understanding the observed wavefield 

complexities, and unexpectedly has evolved into forward CDP modeling allowing validation of 
the routine interpretation. 

We suggest that the entire Domenico profiles would be subjected to the forward modeling. 
Neither additional equipment and measurements, nor a commercial software would be needed, 
but the reliability and prestige of the Domenico models would increase. 

At the same time, such a massive application of our new methods at Domenico, where many 
boreholes provide direct picture of the underground structure, would most likely answer the open 
basic research questions formulated in Section 11, simply speaking ‘Are the cheap CDP 
simulations B and C reliable? Which one is better? Or how to recognize that the interpretation of 
the field data needs the most expensive method A? 
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Figure captions 
 

Fig. 1. A numerical experiment proving that FD schemes with geometrically averaged 
parameters provide correct seismograms (solutions 1 and 2) as opposed to simpler schemes 
with local parameters (solution 2). For details, see Fig. 2 of Zahradnik (1995a). 

Fig. 2. A numerical experiment proving that the so-called Short form of the PS2 FD scheme can 
substitute the Full form with negligible effect (solutions 1 and 2 coinciding with each other), 
but with a considerable saving of the arithmetic operations. For details, see Fig. 4 of 
Zahradnik (1995a). 

Fig. 3. Schematic representation of the two-step hybrid method. First step: The local geologic 
structure is absent inside region A, but the source (asterisk) is present in region B. in the 
second step the local structure is present, but the source is absent. Coupling between 1st and 
2nd step is realized at the ‘excitation lines’ a and b. For details, see Fig. 1 of Zahradnik and 
Moczo (1996). 

Fig. 4. Model of subsurface low-velocity layer with a local depression studied by the DW-FD 
hybrid method. For details, see Fig. 1 of Zahradnik (1995b). 

Fig. 5. A numerical experiment comparing three solutions for the model of Fig. 4: Direct solution 
and hybrid solution with complete 2D model (thick line, both solutions coincide), and hybrid 
solution with truncated 2D model (thin line). This proves that the spatial truncation during the 
2nd step of the DW-FD method may be dangerous. For details, see Fig. 6 of Zahradnik 
(1995b). 

Fig. 6. Model of a coal seam and cavity in the overburden. The spatially irregular grid of the 
PSi2 FD scheme is also shown. The model is excited by a transient vertically travelling P 
wave. For details, see Fig. 6 of Oprsal and Zahradnik (in press). 

Fig. 7. Synthetic (FD) time section corresponding to the model of Fig. 6. Top and middle panels 
are for the horizontal and vertical component, respectively. Bottom panel is for the vertical 
component after subtracting the 1D solution (the incident wave and seam reflections), thus 
leaving the pure cavity response only. For details, see Fig. 7 of Oprsal and Zahradnik (in 
press). 

Fig. 8. Synthetic (FD) time sections corresponding again to the model of Fig. 6, but comparing 
two cavities: the empty cavity (panels b and c; i.e. the same as in Fig. 7), and the cavity filled 
with water (panels d and e). For details, see Fig. 3 of Oprsal and Zahradnik (1997b). 

Fig. 9. Synthetic (FD) time sections corresponding to a homogeneous halfspace model with 
stochastic perturbations. The left and right panels differ by the wavenumber filter applied to 
the perturbation. Note the numerical artifacts seen in the top right-hand corner of the left 
bottom frame, demonstrating minor difficulties. Major difficulties (i.e. a catastrophic 
instability for the non-filtered perturbations) are not shown. For details, see Fig. 4 of Oprsal 
and Zahradnik (1997b). 

Fig. 10. Model of a faulted coal seam used in extensive parametric studies, often referred to as 
model ‘COAL’. Layer 1 is subsurface LVL, layer 3 is coal. For details, see Fig. 1 of 
Zahradnik and Bucha (1998). 

Fig. 11. The ray tracing for model ‘COAL’ of Fig. 10. The source is at x=400 m, and three 
selected ray families of P waves are shown. For a very extensive study of this type, see Bucha 
(1996a). 



 22

Fig. 12. The FD synthetic seismograms for model ‘COAL’ (Fig. 10) and for a single source at 
x=400 m. The synthetics are interpreted by means of the travel-time diagrams, calculated by 
the R method. For details and many other examples, see Bucha (1996a). 

Fig. 13. The FD synthetic seismograms for model ‘COAL’ (Fig. 10) and single source, presented 
with the automatic gain control. For details, see Zahradnik and Bucha (1998). 

Fig. 14. The RM travel times to interpret the seismograms of Fig. 13: 1 = primary P reflection 
from the top of the coal seam, 2,3 and 4 = P, PS (=SP) and S reflection from the bottom of the 
LVL layer, 5 = head wave from the bottom of the LVL layer. For details, see Fig. 4 of 
Zahradnik and Bucha (1998). 

Fig. 15. The synthetic CDP-stacked time section of model ‘COAL’ (Fig. 10). This is a complete 
2D elastic simulation. Note that the faulted coal seam is not imaged properly. This is a notable 
masking effect due to the LVL layer, potentially present in the Domenico lignite basin. 
Standard methods of the LVL corrections, as static corrections, and ground roll suppression, 
will most likely not eliminate the masking demonstrated here. For details, see Fig. 5 of 
Zahradnik and Bucha (1998). 

Fig. 16. The synthetic CDP-stacked time section of model ‘COAL’ (Fig. 10) with masking effect 
removed by a processing trick. Note that now the faulted coal seam is already imaged well. 
The trick consists of an auxiliary calculation of the wavefield with the LVL, but without coal, 
which is then subtracted from the complete wavefield. Practical application has not been 
attempted at the Domenico site, because it will require a very good model of the LVL 
parameters, and accurate source wavelet. For details, see Fig. 6 of Zahradnik and Bucha 
(1998). 

Fig. 17. Another model of a faulted seam, slightly different from that in Fig. 10, but again 
addressing both presence of the LVL (1st layer) and coal (3rd layer). Sometimes referred to as 
GR-COAL 2D model. For details, see Fig. 1 of Brokesova, Bucha and Zahradnik (1997). 

Fig. 18. The RM synthetic seismograms for model ‘GR-COAL 2D’ (Fig. 17) and for a single 
source at x=0 m. The synthetics are interpreted by means of the travel-time diagrams, 
calculated also by the R method. Note the artificial gaps (shadow zones) present in the R 
calculation. For details, see Fig. 4 of Brokesova, Bucha and Zahradnik (1997). 

Fig. 19. The same RM synthetic seismograms for model ‘GR-COAL 2D’ as in Fig. 18, but now 
presented with a scaling proportional to the offset. They serve for comparison with the FD 
synthetics in Fig. 20. For details, see Fig. 7a of Brokesova, Bucha and Zahradnik (1997). 

Fig. 20. The FD synthetic seismograms for model ‘GR-COAL 2D’ (Fig. 17), to be compared 
with the RM synthetics in Fig. 19. Note significant differences between the FD and RM 
synthetics due to lacking wavetypes in RM, and limited number of the elementary waves. On 
the other hand, the RM synthetics are generated extremely much faster than FD, and are 
useful in the understanding the FD simulations. For details, see Fig. 7b of Brokesova, Bucha 
and Zahradnik (1997).  

Fig. 21. The RM synthetic seismograms for model ‘GR-COAL 2D’ (Fig. 17), a single source at 
x=75 m, after automatic gain control. For details, see Fig. 9 of Brokesova, Bucha and 
Zahradnik (1997). 

Fig. 22. The RM synthetic seismograms of Fig. 21 after f-k filtration to suppress the ground roll. 
For details, see Fig. 10 of Brokesova, Bucha and Zahradnik (1997). 

Fig. 23. The synthetic CDP-stacked time section of the ‘GR-COAL 2D’ model (Fig. 17) as 
calculated by R method. This is a 2D elastic simulation, but with incomplete wavefield, as 
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typical for the ray approximation. Note that the faulted coal seam is imaged properly, 
although the LVL layer was present in the model. This is because of lacking head waves in 
the R method. Thus a potential masking is not predicted by this simulation. On the other hand, 
it is an order of magnitude faster that FD simulation, and the individual reflection ‘events’ 
have a clear interpretation (see numbers 1, 11, 30 and 35 explained in the main text). The 
modeling like this prevents misinterpretation of real time sections. For details, see Fig. 11 of 
Brokesova, Bucha and Zahradnik (1997). 

Fig. 24. A selected segment of the true processed CDP time section at the Domenico site 
(Tselentis, unpublished data). The horizontal scale in CDP 500 (left) to CDP 250 (right) 
corresponds to 625 m. The vertical (time) scale is from -100 to 300 msec. Shown are the 
reflections from the three coal layers and the bedrock. This is a target of our modeling in the 
following figures. 

Fig. 25. The structural model constructed from the time section of Fig. 24 and borehole data 
(Tselentis and Paraskevopoulos, pers. comm.), converted to the polygonal model suitable for 
our FD modeling. Small numbers indicate the blocks, large numbers display the P velocities 
in m/s. Note that the bedrock is not included in this model. 

Fig. 26. The acoustic time section for the Domenico model of Fig. 25, further simplified by using 
Vp=1950 m/s instead of 800 m/s in the topmost layer. The section is simulated by a single run 
of the FD method in which 1251 sources (step 0.5 m) were simultaneously acting at the 
surface. This is model W1, in which 2D wavefield of P waves (all multiples included) is 
considered, but without any P-S conversion. 

Fig. 27. The elastic time section for the Domenico model of Fig. 25, further simplified by using 
Vp=1950 m/s instead of 800 m/s in the topmost layer. The section is simulated by a single run 
of the FD method in which 1251 sources (step 0.5 m) were simultaneously acting at the 
surface. This is model W4, in which complete 2D wavefield is considered, including all 
multiples and conversions existing in the model. Note differences with respect to the acoustic 
model of Fig. 26, indicating potential misinterpretation of some conversions for non-existent 
‘layers’. Note also a qualitative agreement with real section of Fig. 24. 

Fig. 28. The elastic time section for the Domenico site calculated in two modes: W4 = the same 
as in Fig. 27 (only with different plotting options), and W7. Mode W7 is for an artificial 
model derived from the original one in Fig. 25 by omitting the intermediate coal layer. 

Fig. 29. The structural model of the Domenico site used in calculations by the ray method (a 
smooth version of Fig. 25 with minor modifications). The velocities of Fig. 25 are used. The 
bedrock (marked by the bottom curve) is included in this model, underlain by the medium 
with Vp=3250 m/s, Rho=2200 kg/m^3. 

Fig. 30a. The elastic time section for the Domenico model of Fig. 29, generated by the ray 
method, in which 16 surface sources were independently used, and the NMO and CDP stack 
were calculated. Note a very good agreement with the real section of Fig. 24. 

Fig. 30b. Synthetic CDP stacked time section analogous to Fig. 30a, generated again by the ray 
method, in which also the additional reflection of the waves coming from below was allowed 
inside the LVL. 
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