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The last 20 years of the 20th century were marked
by the development and application of methods of
active seismology based on the application of seismic
vibrators [1, 2]. One of the main trends in this field is
related, first of all, to the solution of the problem of
forecasting natural disasters and earthquakes. The
methods developed in this field are based on the study
of the variations in the stress—strain state of the Earth’s
crust preceding an earthquake. Finally, this problem is
related to the search for earthquake precursors [3]. The
perspectives of application of the vibroseismic method
for solving problems of such a class are conditioned by
the possibilities of achieving precision accuracy in the
measurements of spatiotemporal characteristics of the
anomalies of seismicity fields during the preparation of
earthquake sources [4, 5].

In the development of this method of active seismic
monitoring in natural catastrophe zones, we have sug-
gested to extend the vibroseismic method for monitor-
ing active volcanoes. Some theoretical calculations of
the expected results were carried out earlier [6—10].

In this work, we present preliminary results of
vibration sounding of Shugo mud volcano (hereafter,
Shugo Volcano) carried out for the first time in the prac-
tice of seismic research on volcanoes.

Experimental works were designed to accomplish
the following tasks: (i) to study the peculiarities of
wave processes in the volcanic edifice region and esti-
mate their contribution to the parameters of the
recorded seismic fields; (ii) to study the conditions of
the transformation of wave fields and resonance phe-
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nomena in geological structures of the volcano; and
(iii) to construct a velocity section of the geological
medium in the Shugo Volcano region.

The crater of Shugo Volcano stands out among mud
volcanoes of the Taman region and Northwestern Cau-
casus. It has the shape of a large cup with a volcanic
edifice of light gray breccia at the center. The cup
resembles a subsidence caldera. This is a distinguishing
feature of Shugo Volcano relative to other volcanoes of
Taman and Northwestern Caucasus. In this connection,
the volcanic edifice is most interesting not only from
the geological, but also from the seismological point of
view. Therefore, we chose this object for approbating
our technology of monitoring complex geological
objects.

The research method used in the investigation was
performing longitudinal profiles over vibrator—record-
ing seismic station—volcano and vibrator—volcano—
recording seismic station traverses. A seismic explora-
tion vibrator of the SV-10/100 type was used. The seis-
mic station included 12 groups of seismic sensors. The
groups were located over a linear profile with a step of
30 m. Each group consisted of five sensors of the SB-5
type. The method of investigation consisted of sound-
ing sessions at four spatially separated points denoted
as points 55, 62, 63, and 64 with the distances between
neighboring points equal to 550, 1175, and 2115 m,
respectively. In addition to the displacement of the
vibrator, the seismic groups were reorganized along the
traverses mentioned above within the source-receiver
base distance (500-5500 m). Soundings at the men-
tioned points corresponded to each spatial position of
seismic groups. The number of repeated sessions of
soundings at each point of the vibrator location varied
within 5-7. Such a number was enough from the point
of view of increasing noise stability of vibration seis-
mograms under conditions of increased seismic noises

in the volcano region. Vibration seismograms 7 (m),
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Fig. 1. Vibration seismograms across the vibrator—Shugo Volcano—seismic station traverse. The vibrator—seismic station distance is

3380 m. (CO1-C09) Records of vertical components of the field.

which are similar to explosion seismograms, were cal-
culated according to the following algorithm

L N-1

i) = 73 3 S, e

i=1ln=0

m=0,1,...M-1, i=

(1)

1,2,..,L,

where M is the number of discrete counts of the vibra-
tion seismogram; L is the number of averaging; N is the
set of discrete counts of the recorded input signal x, =
x(t,); S, = S(¢,) is the reference signal with linear fre-
quency modulation (LFM) of the following form

2
S(t) = a(t)cos(an0 + Et—)

2

with the following parameters: a(f) is the envelope
curve, f, is the initial sweep frequency, [ is the fre-

fmax_fO

7 where f;,« 1S

the maximal frequency and 7 is the duration of sweep.
The following values were accepted for the experiment:
Jo=10Hz, f,..« =64 Hz, and T = 60 s.

Vibration seismograms obtained in the experiments
are characterized by a high ratio of the level of signal
waves to noise, which is as high as 20 in some specific
cases. Figure 1 shows an example of vibration seismo-
grams obtained as a result of sounding Shugo Volcano
on the vibrator—volcano—seismic station traverse. In
this case, the vibrator and seismic station were located
at distances of 1500 and 1880 m, respectively, from the
volcano.

quency sweep rate equal to B =
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Other important characteristics of vibroseismic sig-
nals are spectral temporal functions (STF), which allow
us to characterize the spectral structure of the wave
seismic field in time. The characteristic peculiarities of
the spectra of recorded vibroseismic signals and calcu-
lated vibration seismograms were studied using three
such functions. The STF related to both types of signals
are written as

N, -1
2nk
Fx(o)kﬁ tq) = Fx(k5 Q) = 2 xn+qexp(_.]Tn)’ (2)
1
n=20
M, -1 2 k
2mkm
Fiout) = FkD) = 3 ruceso -2 O
m=0

wheren=0,1,..,N,—1,¢=0,1,....,N,— 1, N,N,=N,

N = lt , T is the total time of the analysis; At is the

A
quantizing interval of the initial signals; m =0, 1, ...,
Ml’ l=0, 1, ...,Mz, and M1M2=M.

Figure 2 shows an example of the graphs of func-
tions (3) related to vibration seismograms. One of them
(Fig. 2a) was obtained before the volcano, i.e., over the
vibrator—seismic station—Shugo traverse, whereas the
second graph (Fig. 2b) was obtained beyond the vol-
cano, i.e., on the vibrator—-Shugo—seismic station
traverse.

The accepted technology of the field experiment
made it possible to fulfill the following tasks: (i) to
study the peculiarities of wave processes in the vicinity
of the volcanic edifice and to estimate their contribution
to the parameters of recorded seismic fields; (ii) to con-
struct a velocity section of the geological medium in the
Shugo Volcano region.

Let us note the most interesting characteristic pecu-
liarities of recorded seismic fields obtained by means of
vibroseismic sounding of Shugo Volcano.

1. The wave field structure is significantly compli-
cated by propagation of seismic oscillations through a
complex geological medium of the volcanic edifice as
compared to the pattern of wave processes recorded on
seismograms before the volcano. In the temporal
domain, this leads to the appearance of chaotically dis-
tributed secondary waves following the leading wave
on vibration seismograms (Fig. 1), which are absent in
the wave field structure before the volcano, i.e., when
the source and receiver are located on one side of the
volcano. Therefore, an increase in the duration of seis-
mograms with the dominating part of amplitudes up to
1.5-2.0 s is observed in the first case compared to 0.3 s
in the second case at practically equal vibrator—seismic
station distances corresponding to both cases of sounding.

2. The effect described above is accompanied by
multiple widening of the spectra of the response of the
media. This was proved by the comparison of two sets
of spectral temporal functions of types (2) and
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Fig. 2. Spectral temporal functions of vibration seismo-
grams for vibrator—receiver distances: (a) R = 3500 m (up to
Shugo); (b) R = 3600 m (beyond Shugo).

(3) obtained before and beyond the volcano at compa-
rable source-receiver distances. In particular, this fol-
lows from the comparison of the STF of vibration seis-
mograms shown in Figs. 2a and 2b. A comparative
analysis of both spectra of responses proves with confi-
dence the contribution of fluid-magmatic structures of
the volcanic edifice to the enrichment of spectra with
oscillations that passed through the structures. Almost
a 5-fold widening of the spectra of oscillations is
observed in this case. Such effects can possibly be
related to the transformation of spectra of the signals in
nonlinear structures of the geological medium during
the propagation of seismic waves in fluid-saturated for-
mations, such as conduits of mud volcanoes.

3. The forms of STF presented in Fig. 2 characterize
additional peculiarities of the spectral composition of
the wave field. For example, the response of the
medium (before the volcano) to sounding with a wide
band (10-64 Hz) sweep-signal is represented by a nar-
row band signal. The STF maxima, which characterize
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Fig. 3. Reduced hodographs of waves for profiles I, I, and IV and sounding points 55, 62, 63, and 64.

the resonance properties of the emitter—medium
sequence of wave propagation, depend on distance R.
They were recorded within 40-50 Hz at R = 550 m,
within 20-30 Hz at R = 1700 m, and within 15-20 Hz
at R = 3500 m. Thus, as the source—seismic station dis-
tance increases, the resonance shifts to the lower fre-
quency domain. In the case corresponding to a distance
of R =3500 m, the form of the STF is shown in Fig. 2a.

4. At small distances from the source (R = 550 m),
multiple harmonics (second, third, and fourth) appear
in the seismic wave field. As the distance increases, the
harmonics become weaker due to attenuation and they
are not manifested after 1700 m.

5. The dominating noise level is observed on the
STF of initial signals in the low-frequency range (lower
than 10 Hz). A comparison of the STF of the initial
vibroseismic signals and vibration seismograms
obtained from Egs. (2) and (3) demonstrates high selec-
tivity of the correlation convergence (1), which makes
it possible to effectively distinguish the sweep signal
over the noise background. This explains the absence of
noise in the low-frequency range (lower than 10 Hz) on
the STF graphs shown in Fig. 2a.

6. Reduced hodographs of leading seismic waves
(reduction speed V = 4550 m/s) obtained from the
vibration sounding data demonstrate prominent linear
time—distance dependences in the range 300-5000 m
(Fig. 3). A hodograph obtained over the vibrator—
receiver—volcano profile corresponds to an apparent
velocity of 1740 m/s, which is repeated over different
intervals of sounding accurate to 0.5%. The second
hodograph that covers the profiles beyond the volcano
and corresponds to the vibrator—volcano—seismic sta-
tion location scheme (i.e., the volcano is located
between the source and receiver) is associated with an
apparent velocity of 3400 m/s accurate to 3%. Both
hodographs were obtained from vibration seismograms

with distinct entries of the leading waves. The leading
waves corresponding to the second hodograph are
shown in Fig. 1 as an example. These data obtained in
the location of Shugo Volcano and vibration sounding
range of 500-5000 m allow us to construct a model of
a three-layer horizontally layered medium. The inter-
face boundaries in this media are located at depths of 70
and 702 m.

7. Geodynamic effects related to the response of
mud volcanoes and other fluid-saturated structures in
the volcanic edifice to vibration were found during
active monitoring of the volcanic edifice and the sur-
rounding geological medium. Mud manifestations in
the center of the volcano and at its periphery during
long-term active seismic impact demonstrate a spatial
anisotropy.

We recorded temporal redistribution of mud mani-
festations at all griffons of Shugo Volcano during the
investigations. Some lateral griffons began flowing.
The study of this phenomenon requires special addi-
tional experiments on mud volcanoes. This is even
more important since such processes can indicate the
preparation of regional-scale seismic events [7].

There are grounds to assume that the anomalous
geophysical phenomena discussed above can mainly be
related to the dynamic reconstructions of resonance-
type dilatancy structures, which are developed in the
mud volcanic edifice at all stages of its functioning [11].

Thus, methods of vibroseismic monitoring of com-
plex geological formations are being developed in Rus-
sia. Within the framework of their implementation, this
work demonstrates for the first time an active sounding
of the volcanic edifice with Shugo Volcano (Taman
mud volcanic province) as an example. During the field
experiments, we compiled a seismic section in the vol-
canic region and studied conditions of the interaction of
the vibroseismic fields with the volcanic edifice and the
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surrounding geological medium. The observed struc-
tural changes of the dynamic characteristics of wave
fields provide new insights into the generation condi-
tions of wave processes in the mud volcanic edifice.
These experiments can serve as a basis for developing
a system and method of monitoring active volcanoes
using vibration sources.
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