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Abstract—New procedures improving the accuracy and informativeness of seismicity analysis are applied to
treatment of seismicity recorded in the Bishkek geodynamic research area in periods of the MHD generator
operation. The presence of a correlation between MHD starts and seismicity is confirmed. Electromagnetically
induced seismicity is generally observed as a higher flow of earthquakes of the class K = 7 in a local seis-
mogenic zone surrounding the electromagnetic field source. The electromagnetic input energy is shown to be
comparable with that of the induced seismicity. The seismicity structure associated with the MHD generator
operation is investigated. The distributions of electromagnetic fields, currents, mechanical stress densities, and
the heat flux induced by ground MHD pulses are modeled to gain insight into the spatial scale of electromag-

netic effects.

INTRODUCTION

The problem of seismicity induced in a geophysical
medium by an external action has been widely dis-
cussed in the scientific literature [Induced Seismicity,
1994; Tarasov, 1997; Kedrov and Kedrov, 2002;
Zakrzhevskaya and Sobolev, 2002; Fainberg eral.,
2004]. On the one hand, a fundamental aspect of the
study of the coupling mechanism and the induced seis-
micity is evident, and, on the other hand, this phenom-
enon opens new possibilities for investigating states
and properties of heterogeneous media and, as a conse-
quence, the possibility for controlling the seismic
regime. This gave impetus to the study of seismicity
induced by the electromagnetic action of a pulsed
MHD generator.

Preliminary results of the study of electroseismic
coupling effects in the Bishkek geodynamic research
area are presented in [Tarasov et al., 1999, 2001]. Their
main implication is that the seismicity of this area
becomes noticeably higher after the electromagnetic
action. Electromagnetic pulses are supposed to initiate
the release of tectonically accumulated energy via rela-
tively weak earthquakes. A similar effect was also
observed in experiments on acoustic emission in which
a cyclic electric action was applied to a sample sub-
jected to biaxial compression [Sobolev et al., 2000].

The importance of these results and the potentiali-
ties of the discovered effect call for additional informa-
tion to be obtained in order to elucidate the elastic field
generation mechanism and to construct a model of the
seismoelectromagnetic coupling. In this connection, it
is appropriate to develop adequate schemes of data

treatment for analysis of spatial-temporal characteris-
tics of this phenomenon and the related electromag-
netic processes.

TREATMENT OF SEISMICITY INDUCED
BY THE IMPULSIVE MHD EFFECT

The structure of induced seismicity is determined
not only by the endo- and exogenic factors forming the
state of the geophysical medium but also by the discrete
mode of an electromagnetic action. The electromag-
netic action in a specially planned experiment is, by
definition, a controlled procedure, which implies the
possibility of the realization of a deterministic response
to a cyclic action. In this case, within a chosen sample,
one deals with a single input pulse and the response
induced by it. Violation of this coupling algorithm leads
to ambiguity of results.

MHD pulses generated in a regime determined by
the goals of deep electromagnetic sounding in the Bish-
kek research area [Volykhin et al., 1993] were analyzed
in [Tarasov et al., 1999, 2001]. As seen from Fig. 1, the
time interval AT between input pulses varied from 3—
7 days to 20-30 days or more.

We remind the reader that properties of the seismic
response are examined within a time sample centered at
the pulse generation moment, forming two time win-
dows (before and after this moment), and information
accumulated from all samples inside these windows is
represented by the parameters m and n, respectively.
Then, with a given sample length of 40 days and a vary-
ing recurrence time interval of MHD pulses (differing
from the 20-day window width), the predating window
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Fig. 1. Discrete regime of the pulsed MHD current. The
yearly number of earthquakes is shown in parentheses.

(preceding the time moment of the pulse generation)
contains more than one impulsive event; therefore, the
adjacent postdating window (following the generation
moment) contains information on the seismic response
to more than one MHD pulse. The same seismic events
fall into predating and postdating time windows associ-
ated with different MHD starts, and the total number of
earthquakes participating in the analysis exceeds the
initial number of seismic events.

It is evident that, with such a scheme of data treat-
ment, the general results of its application are basically
incapable of reflecting adequately the structure of the
induced seismic response. This refers to both the char-
acteristics of the seismicity distribution inside windows
and the comparison of the energy of the induced seis-
micity with the total energy of the MHD action.

As seen from Fig. 1, 34 MHD generator starts were
executed in the period from 1987 through 1989, and 31
of them were separated by intervals of no less than
28 days. Therefore, a 14-day width of the stacking win-
dow was chosen as the value optimal for the regime of
the MHD generator operation in this period. Results of
the application of this scheme to seismicity analysis for
the period 1987-1989 are presented below.

Now, we address the second methodological aspect
of the data treatment scheme, the determination of an
effective spatial scale of the seismoelectromagnetic
coupling. Various spatial scales are possible. For exam-
ple, Tarasov et al. [1999, 2001] analyzed seismicity
mainly in the area (41°-45° N, 74°-81° E) defined from
the earthquake catalog [Mikhailova et al., 1990]. Note
that the dipole exciting the electromagnetic field was
located at the point (42.69° N, 74.68° E) near the west-
ern boundary of this area. Evidently, the seismicity
analysis in the entire area (41°-45° N, 74°-81° E), on
the one hand, increases statistics but, on the other hand,
decreases the definiteness of inferences concerning
physical factors responsible for the distributions
obtained. Another variant consists in the subdivision of
the entire region into smaller areas with the subsequent
analysis and comparison of results. A third variant can
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be based on the tectonic structure of the region or on its
seismotectonic assessment. Modeling of the electio-
magnetic and elastic fields induced by an MHD gener-
ator and their coupling could also be useful.

SEISMICITY STRUCTURE
AND ITS CORRELATION
WITH AN ELECTROMAGNETIC ACTION

The main area subjected to analysis in our work is
the rectangle (41°-44° N, 74°-76° E) denoted as Al,
which includes the Bishkek and Kochkorskaya seis-
mogenic zones. This choice decreases the bias of the
region relative to the dipole position. For comparison,
we also analyzed data in the adjacent rectangle A2
(41°—44° N, 76°~78° E) and in the rectangle A3 (41°-
44° N, 74°-78° E) uniting the areas A1 and A2.

The parameter n/m as a function of the earthquake
class is plotted in Fig. 2a for the three chosen areas.
Here, m is the number of earthquakes of a given class
determined from all windows preceding MHD starts
and n is their number determined from all windows fol-
lowing the starts; the window width was chosen equal
to 14 days. The bars in the Al plot characterize the
determination stability of the ratio n/m, but the tech-
nique of their determination differs from that used for
the evaluation of standard errors. The point is that, with
the exception of classes 6, 7, and 8, the number of earth-
quakes that occurred in 1987-1989 is small and inade-
quate for estimating determination uncertainties in n/m
values. The estimates presented in the column “limits”
of the table (for A1) and shown by bars in Fig. 2a were
obtained from the following considerations.

According to the formal technique applied here, the
induced seismicity is defined, in accordance with the
definition, by postdating windows, and the background
seismicity is distributed, on the whole, randomly within
both types of windows. It may be supposed that, for
some reasons, an event is included into a predating win-
dow instead of a postdating one or vice versa. It is evi-
dent that such an error will not change significantly the
n/m estimate if the statistics is sufficiently large, but the
result can be strongly biased if the statistics is small. In
accordance with these considerations, the bars shown
in the A1 plot (Fig. 2a) were calculated as (n/m),, =
(n=1D/(m + 1) and (n/m)n,y = (n + 1)/(m — 1) without
changing the total number of events within a given class
(m+n=const). Itis evident that uncertainties estimated
in this way are somewhat tentative.

Now, we compare the seismicity distributions
obtained in the areas A1, A2, and A3. The table shows
that the ratio between the total numbers of earthquakes
of all classes after and before MHD starts is close to
unity for the areas A2 and A3 (respectively, 0.99 and
1.07); this is evidence for the absence of any correlation
of seismicity with the MHD generator operation within
the area A2 and for a weak correlation in the entire area.
The ratios n/m for K 2 9 are seen to differ from the aver-
Vol. 41
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age, but a high error level (table) does not allow us to
consider this result as significant.

Now, we address the distribution of the parameter
n/m for earthquakes in the area A1 (Fig. 2a). An
increase in the number of seismic events of the class
K =7 in the postdating window (by 34) is clearly
observed. Similar changes are not observed in other
“cases. It is noteworthy that the total number of earth-
quakes in the area Al is also larger in the postdating
window, which can be naturally associated with the
aforementioned increase in the number of K = 7 events
but indicates a weak dependence of this fact on the dis-
tribution of K 2 9 events.

The detailed distribution of n/m as a function of K
(with K varying from 6 to 8.5 with a step of 0.5) plotted
in Fig. 2b also supports the aforesaid.

Maps showing epicenters of K = 7 earthquakes that
occurred in the Bishkek research area (A1) in 14-day
intervals before and after MHD pulses are presented in
Fig. 3. Epicenters of earthquakes ascribed, according to
their occurrence time, to predating windows are trace-
able along clearly defined lines that can be identified, in
a first approximation, with boundaries of heterogene-
ities (faults). This pattern is also recognizable, albeit
less distinctly, in the distribution of epicenters of earth-
quakes postdating an MHD pulse. Naturally, the total
activity of K = 7 earthquakes is significantly higher in
the postdating window.

The seismicity variation with time is illustrated in
Fig. 4. The total daily number of earthquakes in the
postdating window #; is normalized to the average of
daily numbers of events m over all predating windows,
i.e., to the background level. A maximum exceeding the
background level by a factor of 2.1 is observed in the
area Al on the third day after MHD action. Variations
in this parameter in the areas A2 and A3 are insignifi-
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Fig. 2. The energy class (K) dependence of the ratio
between the numbers of earthquakes that occurred in the
areas Al, A2, and A3 before and after MHD generator
starts.

cant and virtually indistinguishable from the back-
ground. An increase in seismic activity is also noted
on the 13th to 14th days after an MHD pulse, but this
interesting feature needs additional analysis and ver-
ification.

Table
Al A2 A3
K m n nim limits K m n n/m K m n nlm
5 3 5 14 18 1.28 5 17 18 1.06
6 9 32 0.82 | 0.78-0.87 6 123 121 0.98 6 162 153 0.94
7 51 85 1.67 | 1.61-1.72 7 129 126 0.98 7 180 211 1.17
8 32 38 1.19 | 1.12-1.26 8 32 41 1.28 8 64 79 123
9 5 9 1.8 1.33-2.5 9 11 3 0.27 9 16 12 0.75
10 4 7 1.75 1.2-2.67 10 9 4 0.44 10 13 11 0.85
11 2 2 1 0.33-3.0 11 1 2 2 11 3 4 1.33
12 2 1 0.5 0-2 12 1 12 3 1 0.33
13 13 1 13 1
138 174 1.26 | 1.24-1.27 320 316 0.99 458 490 1.07
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 41 No. 6 2005
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STRUCTURE OF THE SPATIAL MHD-INDUCED
DISTRIBUTIONS OF CURRENTS,
PONDEROMOTIVE FORCES, AND HEAT
FLUXES IN THE EARTH

The seismic activity increase effect of MHD pulses
in the range of the earthquake classes 6-8, observed
previously and supported by the results presented
above, is important and its origin needs to be eluci-
dated. Numerical modeling of heat fluxes induced by
sudden commencement magnetic storms [Fainberg
etal., 2004] showed that the magnetic storm energy
released in the form of heat is comparable with the
energy released by earthquakes. Most heat is released
in the upper 10-20 km of the section and concentrates
at faults. However, simple estimates of heating of rocks
involved in this process show that significant heating of
the section requires millions of years even if this pro-
cess 1s adiabatic.

IZVESTIYA, PHYSICS OF THE SOLID EARTH
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Several essential features characterize investiga-
tions of the tectonic effects of magnetic storms and
MHD pulses. Magnetic storms arise permanently and
are global phenomena irregular in time. They are
uncontrollable. MHD pulses are advantageous in this
respect: the source of the current excited by the MHD
generator is a 4.2-km grounded line, and MHD starts
are controllable. These distinctions, along with the
established correlation between seismicity and the
action of MHD pulses, suggest that additional con-
straints on the origin and spatial distribution of this
effect can be gained from modeling of the distributions
of electromagnetic fields and heat fluxes induced by an
MHD generator.

A 3-D regional geoelectric model of the South Tien
Shan, including the Bishkek research area and its vicin- °
ity, was constructed in [Fainberg et al., 2004] with the
use of published geological and geophysical data
including geologic and tectonic maps and reconstruc-
tions of the region, as well as results of magnetotelluric,
frequency, and d.c. soundings described in detail in
[Volykhin ezal., 1993; Trapeznikov etal., 1997].
Although this model is not comprehensive enough to be
used in detailed modeling of the electromagnetic field
generated by an MHD generator, it is suitable for the
determination of general regional characteristics of
MHD-induced electromagnetic and thermal fields and
the estimation of the size of the area affected by these
fields.

The 160 x 170-km region shown in Fig. 5 [Volykhin
etal, 1993] was chosen for modeling. A current
“dipole” is located immediately at the boundary
between the Mesozoic—Cenozoic deposits of the Chu
depression and outcrops of pre-Mesozoic deposits. In
the dipole area, the upper part of the section (to a depth
of about 5 km) is represented by relatively high resistiv-
ity (80-300 Q m) rocks. They overlie a crustal conduc-
tor (14 Q m) extending to a depth of about 10 km. High
resistivity rocks occur at greater depths.

As is shown below, MHD pulses have a low fre-
quency spectrum and, therefore, modeling of the gen-
eral distribution patterns of the electromagnetic and
thermal fields can be restricted to the class of thin layer
models, in which a heterogeneous layer is represented
by a thin layer of an electrical conductivity S(x, y) con-
fined to the boundary of a layer in a layered section.

The model consists of six horizontal homogeneous
layers: hy =2km, p; =100 Q m; hy =3 km, p, = 100 Q m;
hy=5km, p; =100 Qm; by =5km, p, =20 Qm; hy =
10km, ps =300 Q m; and pg = 1000 Q m. The distribu-
tions S,(x, y) were constructed from geoelectric struc-
tures along profiles I-IIT and at individual points of
inductive and transient electromagnetic soundings with
the use of interpolation taking into account the geology
and tectonics of the region. Maps showing § values in
the four upper inhomogeneous thin layers at depths of
Okm (S,), 2km (S,), 5 km (S3), and 10 km (S,,) are pre-
sented in Fig. 6.

Vol. 4]
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electric line of the MHD generator.

Calculations were performed for a typical MHD
pulse shown in Fig. 7a. Its spectrum is presented in
Fig. 7b and shows that the modeling can be restricted to
the frequency range 1 < o < 100 s™'. The electromag-
netic field was calculated by the modified iterative-dis-
sipative method [Singer, 1995; Singer and Fainberg,
1999]. Figure 8a presents the distribution of the hori-
zontal component of the current density at a depth of
5km in the phasc of maximum amplitudes of the
source current. As seen from the figure, the current den-
sity j reaches 8 x 1073 A/m? near the source, rapidly
decreases away from the source, and does not exceed
10% of its maximum value at distances of 10-15 km
and a few fractions of percent at the boundaries of the
modeling area. Thus, the MHD generator activates
earthquakes within an area more than 2-3 times larger
than the area of the current spreading.

Now, we address other fields related to the propaga-
tion of telluric currents. First of all, it is natural to sug-

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 41

gest that currents excited in the Earth have a pondero-
motive effect on rocks. The value df of this force pro-
duced by an element dI of the telluric current excited by
an MHD pulse can be readily estimated as f = [d] x By,
where [ is the current and By is the main geomagnetic
field in the Bishkek research area. Figure 8b shows the
distribution of densities of horizontal stresses (N/m?) at
a depth of 2 km. The stress pulses are seen to be small
within an area of 1 m?, but their integral value for the
entire research area can be significant. Evidently, the
stresses can reach the highest values in the most con-
ductive zones, namely, faults filled with loose water-
saturated deposits. In order to estimate their possible
values, more detailed 3-D modeling of an ~20 x 20 x
10-km region should be performed. The question of
how much these stresses exceed those accumulated
during earthquake nucleation needs special consider-
ation and is beyond the scope of this paper.

No. 6 2005
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Fig. 7. MHD generator current pulse (a) and its spectrum (b).

As seen from Fig. 9, the heat flux concentrates in
the 5-km-thick shallow layer within distances no
greater than several lengths of the current cable. The
heat flux outside this area is insignificant. Heat fluxes
near the MHD source are comparable in value with
the fluxes generated by magnetic storms; however, as
distinct from the storms, exciting only vertical heat
fluxes, the MHD generator creates fluxes propagat-
ing also in the horizontal direction, and they are
comparable in value with the vertical fluxes. It is
noteworthy that, notwithstanding sharp contrasts in
the electrical conductivity near the dipole, the distri-
bution of heat fluxes within 5 km from the dipole is
symmetric and weakly distorted by the conductivity
inhomogeneities.

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 41

DISCUSSION

Seismicity is nearly always treated in terms of the
parameters of spatial distribution of earthquakes. This
is particularly relevant to the case of seismicity induced
by electric currents, which depends, by definition, on
the distance from the excitation source. The effect of
MHD generator current pulses is spatially local; this
basic conclusion follows from the structure of the heat
fluxes analyzed in this work. The heat fluxes induced by
current pulses are related tothe inferred geoelectric
inhomogeneities. A similar pattern is observed in the
distributions of stresses and electric current densities.’
This supports the correctness of the choice of an area
appropriate for the search for possible seismicity
changes.
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Fig. 8. Distributions of the densities of the electric current (a) and stresses (b) at a depth of 5 km.

The results obtained in this work show that, in the
Bishkek research area, MHD input pulses activate seis-
micity dominated by earthquakes of the energy class
K = 7. Epicenters of earthquakes that occurred before
and after electric actions are associated with the
inferred geoelectric contrasts but also gravitate toward
the excitation dipole, indicating that the process of for-
mation of induced seismicity is evidently local in space
and is confined to the Bishkek and Kochkorskaya seis-
mogenic zones within the rectangle (41°-44° N, 74°-
76° E). No significant changes are observed in the adja-
cent area (see table).

The 14-day sample analysis conducted with due
regard for the discrete mode of electric current pulses
revealed a seismicity maximum 3 days after MHD
starts and a significant increase in the ratio n/m on the
12th to 14th day.

In principle, the results of comparison of the
induced seismicity energy with the total energy of the
MHD action depend on the data processing scheme, in
particular, on the size of the territory studied. The num-
ber of events and, accordingly, their total energy in
sampling windows increase with the area size, but the
energies of the external MHD action and the induced
seismicity remain unchanged. Since the background
seismicity distribution within windows is random
before and after the MHD action and “the daily number
of earthquakes is highly variable within a year”

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 41

[Kedrov and Kedrov, 2002], enlargement of the back-
ground seismicity base can lead to overestimated
results of comparison between these energies and, in
the general case, to their ambiguity.

The total energy delivered by the MHD generator
into the medium over the period from 1987 through
1989 is 5.7 x 10® J, and the energy level of induced
seismicity (A1) is on the order of 9.5 x 10 J for earth-
quakes of K < 8. Wg should note a nearly cyclic pattern
of the MHD action in the period from 1987 through
1989, with the average pulse energy being (1-2) x 107 J.
The induced seismicity is mainly realized via earth-
quakes of K =7 (E; = 1 x 107 J). Without regard for
energy losses associated with the MHD action and con-
version processes, the energy released by earthquakes
is comparable with that of the electric action: their dif-
ference is within one order of magnitude. According to
the table (Al), the total number of earthquakes and
their numbers in various energy classes related to the
induced seismicity support, on the whole, the above.

The effect of electric currents on all of the fields
considered above (stress density, electric current den-
sity, heat fluxes, and induced seismicity) is highest
within the inferred heterogeneities and in the depth
range 0-5 km, i.e., within the hydrostatic crustal zone,
whose fractures, pores, and cavities are typically filled
with free or bound water.
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Fig. 9. Distributions of the vertical heat flux at depths of (a) 0, (b) 2, and (¢) 5 km and (d) the distribution of the horizonta) heat flux.
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A model using electrical characteristics of the
medium and its energy content as a factor responsible for
the generation of an anomalous elastic field in response
to an electrical action was discussed in [Avagimov and
Zeigarnik, 2002]. The response of the medium to electro-
magnetic actions is selective, being most pronounced in
heterogeneous fluid-saturated regions. This can be pri-
marily due to a high level of free electric charges and an
electrokinetic potential [Grigorov, 1973] typical of
highly dispersed and fluid-saturated media. In real ener-
getically active media, the action of ponderomotive
forces transforms an area of double electrical layers into
a thermodynamically unstable zone [Balasanyan, 1990],
creating pressure gradients in a fluid and thereby macro-
scopic mechanical disturbances, and redistributes struc-
tural stresses in the medium, which leads to a redistribu-
tion and subsequent release of elastic energy at fractures
with a critical level of energy content.

The comparable energies of the electrical input
action and the induced seismicity are evidence favoring
the seismoelectromagnetic coupling scheme proposed
in this paper. However, a complete understanding of the
origin of the discovered correlation calls for new exper-
iments.

CONCLUSIONS

The method applied here to the analysis of earth-
quake and MHD pulses provided additional constraints
on the seismicity structure induced by an electromag-
netic input action in the Bishkek geodynamic research
area. Modeling of spatial distributions of the electric
current density, stresses, and heat fluxes excited by
MHD pulses refined the limiting spatial scale of seis-
moelectromagnetic coupling.

It has been established that the induced seismicity is
realized as a higher earthquake flow dominated by
events of the class K = 7 in a local seismogenic zone
adjacent to the dipole exciting the electromagnetic
field. The energies of the electric action and the induced
seismicity are shown to be comparable.
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