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MATHEMATICAL SIMULATION 
OF WAVE FIELDS

The mathematical formulation of wave field simula-
tion for earthquake precursory zones (including magma
chambers of arbitrary geometry) is stated in the carte-
sian set of axes as follows: find the components of the
displacement vector for an inelastic transversely isotro-
pic medium that satisfy the following equations:

 

(1)

 

with initial conditions at 

 

t

 

 = 0

 

(2)

 

and boundary data at 

 

z

 

 = 0

 

(3)

 

Components of the stress tensor in an anisotropic
medium are connected to components of the strain ten-
sor by well-known relations incorporating the Volterra
relations, which include the effects of elastic afterwork-
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ing. To be precise, the elastic constants 

 

c

 

ij

 

 are replaced
by the integral operators 

 

C

 

ij

 

 [8]

where the  are parameters that determine the attenu-
ation level. The afterworking functions (in the kernel)
determine the spectral content of the attenuation. We
consider the case of a transversely isotropic, inelastic
medium. In that case all properties of the medium are
identical along all directions on the xy plane. Both the
elastic and the inelastic parameters are here assumed to
be arbitrary piecewise continuous functions of 

 

xy

 

 and
piecewise functions of 

 

z

 

; 
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F

 

z

 

 are components of
the force vector which describe point sources of differ-
ent types. We note that the above formulation (1)–(3) in
displacements is integrodifferential.

A method for mathematical simulation of wave
fields for the problem (1)–(3) has been developed [9–
11, 13]. The result is an algorithm that can be used to
simulate wave fields for block media. Numerical exper-
iments showed that the algorithm after the appropriate
approximation can also be used to simulate arbitrary
boundaries [4]. Computation of Green’s function can
be employed, when required, to generate (“multiply”)
wave fields for an arbitrary number of sources without
additional computational effort, which is also important
for problems arising in 3D seismic surveying and for
inversion using optimization techniques. This enables
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Abstract

 

—This paper considers the theoretical and experimental principles of a monitoring system for mud
volcanoes using powerful vibroseismic sources. A mathematical method has been developed to simulate
magma chambers of arbitrary geometry with allowance for deep-seated faults near the volcano, overlapping
layers, etc. Results are reported from calculations of the seismic field for the source zone of the Shugo mud
volcano. Mathematical modeling served as a basis to develop a technique of vibroseismic sounding using pow-
erful controlled sources yielding a force of 40–100 tons on the ground. For the first time in the history of obser-
vations on mud volcanoes, two mud volcanoes on land have been subjected to active vibroseismic sounding.
These are the Akhtanizovskii and Shugo volcanoes in the Taman’ mud-volcanic province. The results of exper-
imental investigations are reported. Numerical simulation has helped refine the earth model in the Shugo area,
which was previously derived from vibroseismic sounding data.
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simulation for real source zones and magma chambers
with arbitrary geometries and parameters.

THE NUMERICAL SIMULATION 
OF SHUGO VOLCANO

We sought to supplement the experimental studies
in the Taman’ mud-volcanic province by simulating
wave fields for arbitrary vibrator spreads, recording
systems, and parameters. As was pointed out in [16],
one can predict a fault in the core of the syncline, which
is the feeding channel for Shugo volcano, reliably
enough. It is this syncline that contains the mud-volca-
nic chamber of the volcano, while its “magma” cham-
ber is at a great depth. We sought to clarify the main
features of the wave field in the region by simulation
performed in several stages. At first, for comparison
purposes, we used the simple model of a normal fault at
90 deg without a volcanic chamber. The next step was
to include a volcanic chamber. Figure 1a shows a frag-
ment of the theoretical seismic line for the chamber
zone of Shugo volcano. Figure 1b shows a seismogram
for a source on the free surface above the center of the
chamber zone.

Numerical simulation has shown that greater com-
plexity of the structure under study leads to more useful
information. Experimental work carried out with the
knowledge of mathematical simulation showed that
vibroseismic sounding can be an effective tool for
revealing the deep structure of a mud volcano.

EXPERIMENTAL WORK

Researchers at the Institute of Computational Math-
ematics and Mathematical Geophysics of the Siberian
Branch of the Russian Academy of Sciences are devel-
oping approaches to make systems for active monitor-
ing of magmatic structures with a controlled vibroseis-
mic source; these approaches may yield new knowl-
edge on the structure of volcanoes and on the dynamic
behavior of the magmatic structures of living volca-
noes. This approach to the monitoring of volcanoes is a
new one and, as far as we are aware, has not been pro-
posed previously. The development of principles for
active vibroseismic monitoring of living volcanoes
requires complicated computations, experimental and
methodological studies.

One distinguishing feature of this approach is the
use of controlled vibration sources, which can be used
to radiate seismic waves in different modes of operation
(monochromatic, sweep signals, and so on) to high
accuracy. This feature distinguishes the method used
here from the other active methods based on the study
of earthquakes and explosions, which were previously
used as seismic sources to study volcanoes. It is known
that it is impossible to generate identical seismic exci-
tations for explosions, while for earthquakes there is the
problem of accurate determination of the coordinates,
time and size of a seismic event. In our opinion, this

approach can use the essential advantage of modern
vibroseis sounding technology by powerful sources for
detection and subsequent observation of changes
occurring in the condition of seismoacoustic parame-
ters of volcanic channels and their vicinities. This
advantage is based on the high long-term stability of the
radiation parameters of vibration signals, which are
ensured by modern systems for the computer control of
vibrators [1].

The general model of the information system for
active vibroseismic monitoring is described in detail in
[14, 15].

A multidisciplinary ecologic–geophysical expedi-
tion was organized in 2005 by workers from the Insti-
tute of Computational Mathematics and Mathematical
Geophysics of the Siberian Branch of the Russian
Academy of Sciences, the Kuban State University of
the Ministry of Education and Science of the Russian
Federation, and by the Institute of Physics of the Earth
of the Russian Academy of Sciences to perform exper-
imental vibroseismic sounding of Shugo volcano. In
this seismic sounding of the volcano, the methodology
envisaged a study on the conditions for transformation
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 Simulation of wave fields: (
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) A fragment of a seis-
mic line when a volcanic zone is present, (
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) a seismogram
with the source above the center of the chamber zone
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of wave fields at geologic structures when surveying
longitudinal lines on a traverses “vibrator–recording
seismic station–mud volcano” and “vibrator–volcano–
recording seismic station.” The sounding design is
shown in Fig. 2.

In the field work technology adopted here, the
sounding of the geologic medium was carried out by
moving the seismic vibrator along these traverses, as
well as by installing seismic sensors within the
“source–receiver” baseline in the range 500–5500 m.
The number of repeated sounding sessions at each
vibrator site was varied in the range from 5 to 7. This
number was sufficient for enhancing the resistance to
noise of vibration seismograms under increased seis-
mic noise in the volcano area. The computation of

vibration seismograms , which are analogues of
explosion seismograms, was carried out using the algo-
rithm

 

(4)

 

where 

 

M

 

 is the number of discrete values of a vibration
seismogram, 
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 is the number of averagings, 
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the sweep signal with linear frequency modulation
(LFM) of the form 
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) = a(t)cos(2πf0t + βt2/2) whose
parameters are the envelope a(t), the initial frequency of
the sweep signal f0, and the rate of frequency variation
equal to β = (fmax – f0)/T, where fmax is the maximum fre-
quency and T the sweep signal duration.

The basis for the experiment included the following
quantities: f0 = 10 Hz, fmax = 64 Hz, T = 60 s. Some par-
ticular forms of vibration seismograms  obtained
in the process are shown in Figs. 3 and 4.

The vibration seismograms obtained in the experi-
ments are characterized by a high ratio of useful waves
to noise level, occasionally as high as 20. It appears that
the seismograms strongly change their character when
seismic waves have traveled through the region of the
mud volcano.

Another important characteristic of vibroseismic
signals consists in their frequency–time functions
(FTF), which characterize the spectral structure of the
seismic wave field over time.

These functions were used to study characteristic
features of the spectra derived from recorded vibroseis-
mic signals and synthetic vibration seismograms. The
respective FTF’s have the forms

(5)
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Fig. 2.

 

 Locations of vibrator and sensors during the vibration sounding of Shugo volcano: sensors 55, 62, 63, 64, A1-1 through A1-
12 are seismic arrays, lines I through IV are lines of installed seismic arrays.
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 Vibration seismograms recorded on line I.



 

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY

 

      

 

Vol. 2

 

      

 

No. 5

 

     2008

MATHEMATICAL SIMULATION AND EXPERIMENTAL STUDIES 367

(6)

where n = 0.1, …, N1–1, q = 0.1, …, N2–1; N1 · N2 = N;
N = T/∆t, T is the total time of analysis, ∆t is the discret-
ization interval of recorded signals, and m = 0.1, …, M1,
l = 0, …, M2; M1 · M2 = M.

The xn + q sequences were the signal traces recorded
at the input to the recording system in the former case
and vibration seismograms  in the latter. The

Fr ωk tl,( ) Fr k l,( )=

=  xm l+ j2πkm/M1–( ),exp
m 0=

M1 1–

∑

2

r m( ).

forms of these functions with respect to both signals are
shown in Figs. 5 through 8.

In accordance with the accepted technology of field
experiments, it has been possible to carry out the fol-
lowing investigations:

identification of features of the wave-scattering het-
erogeneities around the volcanic edifice and estimation
of the contribution due to induced wave processes into
the parameters of recorded seismic fields;

construction of a velocity–depth profile for the area
of the Shugo volcanic edifice.

We wish to point out the most prominent features in
the recorded seismic fields. When the mud volcano
body was investigated by vibroseismic sounding, the
field structure was considerably complicated (Fig. 4);
the complication was due to the passage of seismic
waves through the complex-structured geologic
medium of the volcanic edifice compared with the wave
processes recorded on seismograms before the volcano
was traversed (Fig. 3). In the time domain this leads to
the appearance of chaotically distributed secondary
waves on the vibration seismograms following the head
waves (Fig. 6). One notes increased record duration for
most of the seismograms, up to 1.5–2.0 s instead of the
0.3 s obtained for the former case. All the correspond-
ing FTF’s show broader response spectra (Fig. 8) in the
range of sounding frequency 10–64 Hz compared with
the prevailing narrow-band responses (Fig. 7) that were
recorded before the volcano was reached, in the dis-
tance range of 550–3500 m. Comparison of two FTF’s
obtained “in front of the volcano” and “beyond the vol-
cano” at comparable “source–receiver” distances (Fig. 7
for R = 3500 m and Fig. 8 for R = 3600 m) provides a
graphic illustration of the contribution due to the fluid–
magmatic structures of the volcanic edifice toward
enriching the spectra. Also, the dominant spectrum
became ten times as broad.

Such effects can be related to the transformation of
radiated signals at nonlinear structures of the geologic
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Fig. 4. Vibration seismograms recorded on line II.
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Fig. 6. Frequency–time functions of raw seismic signals for the
vibrator–receiver distances equal to R = 3600 m (beyond Shugo).
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medium when seismic waves travel in fluid-saturated
formations, such as the conduits of mud volcanoes. The
following features are to be noted.

One additional feature of the seismic wave field
beyond the volcano is related to the appearance of sev-
eral resonances in characteristic frequency bands (see
Fig. 8, where two resonances can be seen); this is related
to the presence of well-pronounced discrete rock bodies
within the volcanic edifice possessing resonant features
that could be attributed to them alone (mud-conducting
channels, the mud-volcanic chamber, etc.).

The maxima in the FTF’s characterizing the reso-
nant properties of the “source–propagation medium”
chain depend on distance R, thus they lie within 40–50 Hz
for R = 550 m, 20–30 Hz for R = 1700 m, and 15–20 Hz
for R = 3500 m (Fig. 7). The resonance is thus shifted
toward lower frequencies as the distance is increased.
This seems to be due to the discontinuities present
within the volcanic edifice, which possess their reso-
nant features (mud-conducting channels, the mud-vol-
canic chamber, etc.). More study is needed to refine
these statements.

At small distances from the source (R = 550 m) the
seismic wave field contains multiple harmonics (2, 3, 4).
As the distance is increased, the harmonics are attenuated,
becoming unobservable at distances of 1700 m or greater.

The prevailing noise level in the FTF’s of recorded
signals is observed at low frequencies (below 10 Hz).
Comparison of the FTF’s for the recorded vibroseismic
signals (Figs. 5, 6) and for the vibration seismograms
(Figs. 7, 8) shows the high selectivity of the correlation
convolution (4), which identifies the useful sweep sig-
nal in noise. This explains why no noise is present at
low frequencies (below 10 Hz) in the FTF plots shown
in Figs. 7 and 8, in contrast to similar plots obtained
from the raw signals (Figs. 5, 6).

The reduced time–distance curves for seismic head
waves (the reduction velocity was V = 4550 m/s)
obtained from vibration sounding show well-pro-
nounced “time–distance” linear dependences in the

3

range 300–5000 m (Fig. 9). Corresponding to the time–
distance curve I for the “vibrator–receiver–volcano”
line is an apparent mean velocity of 1740 m/s, which
was repeated to within 0.5% in different sounding seg-
ments. The second time–distance curve, which is rele-
vant to lines II and IV, and corresponds to the “vibra-
tor–volcano–receiver” recording system (that is, the
volcano happens to be between the source and the
receiver), has a corresponding apparent velocity of
3400 m/s to within 3%. Both curves were derived from
vibration seismograms with well-pronounced head
wave onsets.

Figure 3 presents some sample vibration seismo-
grams containing both the waves corresponding to the
first time–distance curve (their positive phases are
filled) and to the second (the waves are here marked by
dots). In Fig. 4 the head waves corresponding to the
second curve are marked as filled. These data obtained
in relation to the Shugo volcano area and to the range of
vibration sounding within 5000 m are consistent with a
three-layered horizontally stratified model. The depths
to the discontinuities were found by the well-known
method [2] incorporating the theoretical wave velocity
in the “source–receiver” direction, the minimum times
in both of these reduced time–distance curves (Fig. 9),
the conditions for a linear fit to the time–distance data
points, the velocities in the layers, and theoretical criti-
cal angles. All of these being taken into account, the
depth estimates were 70 and 702 m, respectively.

The active monitoring of the volcanic edifice and the
surrounding geologic medium revealed geodynamic
effects that are related to the response of the mud-con-
ducting channels and other fluid-saturated structures in
the volcanic edifice body to vibration excitation. The
change in the character of mud activity at the center of
the volcano and at the periphery was most probably due
to the accumulated effect of vibroseismic excitation
during the entire period of the experiments, with the
total number of soundings being 122, of 60 s each, thus
making a total of 7200 s. This is comparable with the
times of excitation due to weak vibroseismic fields,

3
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leading to an increased filtration rate of the fluid
through the porous medium [3]. A spatial anisotropy of
the process has been detected.

A temporary redistribution of mud activity occurred
during the experiments at all mud gryphons of Shugo
volcano. Several of the flank gryphons began spouting
mud. The study of this phenomenon calls for special
additional experiments on mud volcanoes. This is all
the more important because such processes seem to be
indicators of the precursory processes of regional-scale
earthquakes [7]. There is strong reason to suppose that
the leading cause of these anomalous geophysical phe-
nomena may be related to dynamic readjustments in
dilatant structures of the resonant type, which are
developing in the volcanic edifice of a mud volcano
during its entire life [5, 6].

COMPARISON OF EXPERIMENTAL 
AND THEORETICAL VIBROGRAMS

FOR THE EARTH MODEL IN THE SHUGO 
VOLCANO AREA

The data from vibroseismic soundings carried out
on Shugo volcano suggest a three-layered horizontally
stratified earth model with wave velocities V1, V2, V3 and
discontinuities H1, H2, H3 (Fig. 10).

In order to refine the parameters of the three-layered
model (Fig. 10) derived from the soundings, we have
developed a technique for simulating vibroseismic
wave fields.

3

The vibrator was here simulated by a distributed
vertical-force source [12]. Numerical experiments
showed that the results of numerical computations and the
actually recorded vibrograms for the model in Fig. 10 are
different. The comparison was carried out as follows.
Taking the earth model derived from seismic sound-
ings, we computed the wave field for the model and
compared it with the experimental field. The compari-
son revealed large differences in the times of first arriv-
als. We modified the earth model using the prior infor-
mation available for the region to make the times of
actual and theoretical fields identical. This result was
achieved by assuming V3 = 4000 m for the velocity in
the half-space, which provided a better quantitative fit
between theoretical and actual vibrograms (Figs. 11a,
11b) in arrival times.
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This numerical simulation corroborates the data of
vibroseismic soundings as to the qualitative possibility
of fitting the complex-structured medium in the Shugo
volcano area by a three-layered model.

CONCLUSION

This is the first active sounding study of a volcanic
edifice (the Shugo mud volcano, Taman’ mud-volcanic
province) carried out within the framework of practical
use of techniques for active vibroseismic monitoring of
complex-structured geologic bodies being developed in
Russia. The field experiments yielded a seismic cross-
section in the area of the volcano and revealed a rela-
tionship between long-term vibroseismic excitation
and the mud activity on Shugo volcano.

The experiments suggest a three-layered earth
model with horizontal discontinuities at depths of 70
and 702 m. The model parameters were refined by com-
paring theoretical and experimental vibrograms.

The observed structural changes in the dynamic
characteristics of wave fields suggest a new approach to
the analysis of induced wave processes in the edifice of
a mud volcano, since induced processes have been
detected in the volcanic edifice, and a relationship has
been identified between the intensity of mud activity
and the duration of vibroseismic excitation.

3

These experiments serve as a basis for developing a
system and a technique for active monitoring of living
volcanoes using vibroseis sources.
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