lzvestiya, Physics of the Solid Earth, Vol. 39, No. 5, 2003, pp. 353-364. Translated from Fizika Zemli, No. 5, 2003, pp. 5-17.

Original Russian Text Copyright © 2003 by Ulomov.
English Translation Copyright © 2003 by MAIK “Nauka/Interperiodica” (Russia).

A Three-Dimensional Model of the Lithosphere Dynamics,
Seismicity Structure, and Variationsin the Caspian Sea L evel

V. 1. Ulomov

Schmidt United Institute of Physics of the Earth, Russian Academy of Sciences,
Bol’shaya Gruzinskaya ul. 10, Moscow, 123995 Russia
Received December 12, 2002

Abstract—Based on the analysis of the deep structure and dynamics of the lithosphere, as well as the study of
the regional seismicity pattern and recent tectonic movements, this paper presents a 3-D seismogeodynamic
model of the Caspian region according to which aseismic activation is preceded by the upwarping of the south-
ern Caspian seafloor and the appearance of “excessive” sea water and, vice versa, a general sealevel decrease
isobserved after large earthquakes and subsidence of associated crustal areasin the subduction zone. Numerical
estimates are obtained for geodynamic deformations in the southern Caspian oceanic lithosphere responsible
for the accumulation of elastic stresses and preseismic processes of local earthquakes. Examination of varia-
tionsin the seismic regime and Caspian Sealevel revealed regular patterns supporting acommon origin of both
phenomena. Being isolated from oceans, the Caspian basin is shown to be very sensitive even to minor defor-
mations of the lithosphere and can be regarded as an indicator of the local geodynamics and seismicity. Joint
studies of seismo- and hydrogeodynamic phenomena provide new possibilities for the long-term prediction of

strong earthquakes in the Caspian region.

INTRODUCTION

The Caspian region is unique in many respects. The
Cagpian Sea is abundant in natural resources and
thereby attracts the attention of both scientists and
statesmen. This region is characterized by a very high
geodynamic and seismic activity, which makes it seis-
mically hazardous. The strongest earthquakes with
magnitudes of 8.0 and higher are known to have
occurred on the southern, western, and eastern coasts of
the Caspian Sea. The occurrence of seismic sources at
fairly great depthsinits central part isevidence of seis-
mogeodynamic processes due to the interaction of
lithospheric plates along the Cheleken—A psheron relict
subduction zone [Ulomov, 1993, 1997]. The tsunami
phenomena often observed here also make this region
resemble similar oceanic structures [Dotsenko et al.,
2001, 2002]. Another, even more convincing evidence
of relict subduction zonesin the I ran—-Caucasus-Anato-
lia region is the seismically active arc of the Zagros
Mountains and the Persian Gulf (the former forearc
basin). On the other hand, the Caspian Sea is advanta-
geoudly distinguished from other, “classical” subduc-
tion zones. Asit isisolated from oceans, its water level
is sengitive to even minor regional or local deforma-
tions, which makesit a specific indicator of theregional
geodynamics and local seismicity.

The problem of anomalous variationsin the Caspian
Sea level, being significant in both scientific and prac-
tical aspects, has been widely discussed [Shilo et al.,
1989; Vdovykin, 1990; Golubov, 1994; Lilienberg,
1994; Ulomov, 1997; Golubov et al., 1998; Ulomov
et al., 1999, 2002; Lavrushin et al., 2001; Leonov et al.,

2001; Ivanova and Trifonov, 2002; Jackson et al.,
2002]. Various schemes of active tectonics were pro-
posed for the Caspian region and the South Caspian basin
(e.g., see[Kaban et al., 1998; Guliev et al., 2002; Jackson
et al., 2002)), but, to the best of my knowledge, no physi-
ca modd quantifying the seismogeodynamic and hydro-
geologica processesin the region has been developed.

Based on the systematization and analysis of geo-
logical, seismological, and other geophysical data, as
well asthe study of the deep structure and regional seis-
micity, a seismogeodynamic model providing new
insights into anomal ous Caspian Sealevel variationsin
relation to the geodynamics and seismicity of the
region is proposed below.

DEEP STRUCTURE OF THE CASPIAN REGION

In accordance with its deep structure, the Caspian
Seadividesinto northern, central, and southern parts. In
the seismogeodynamic respect, most interesting is the
deep structure of the central Caspian region, which is
the zone of active junction of the Caucasus—Kopet Dag
Alpinegeological structure and the Scythian-Turan epi-
Hercynian platform (Fig. 1). This zone, separating the
southern and northern Caspian regions, is traceable by
the trans-Caspian Cheleken-Apsheron threshold, as
well as by a narrow band of local earthquake sources
and maximum gradients of isostatic gravity anomalies,
magnetic field, heat flux, and other geophysical fields.
The topography gradient of the consolidated crust sur-
face is well observable from the Great Balkhan Ridge
in the east to the Derbent basin (inclusive) in the west.
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Fig. 1. Seismicity of the Caspian Sea and adjacent areas: (1) sources of known earthquakes of different magnitudes (sources with
M=7.0%0.2,7.5£0.2,and 8.0 + 0.2 are shown as ellipses reflecting their horizontal sizes and orientations; sources with magni-
tudesM = 6.5 + 0.2 and lower are shown as symbolic circles of decreasing diameter); (2) axes of structured seismicity; (3) direction
of the pressure exerted by the Arabian and Iranian plates; (4) direction of the movement of the South Caspian oceanic plate and the
response of the North Caspian continental lithosphere. The rectangle is the study region. The source of the Krasnovodsk M = 8.0
earthquake and the sources of the M = 7.5 + 0.2 earthquakes that occurred after the 150-year absence of such eventsin the region
are marked by ellipses with thicker outlines, with indication of their occurrence years (see also Fig. 7).

The Caspian Sea depth is no more than 2—4 m in the
north and is about 1200 m in the south.

The first studies of the Caspian crust using deep
seismic sounding (DSS) were conducted in 1956 by
Galperin et al. [1962], who revealed anomalously high
P wave velocities (about 6.5 km/s) and were first to
ascribe the central and southern Caspian crust to the
suboceanic type, based on structural constraints. This
crust was also found to extend beyond the Caspian Sea
water area at its eastern coast, south of the Great
Balkhan Ridge.

According to DSS data, the crystalline basement
surface under the Cheleken-Apsheron threshold
abruptly plunges southward from depths of 2-3 km to
20 km and more. The platform territory, both on land
and in the northern Caspian Sea, has atypically conti-
nental crust under a thin (2-3 km) sedimentary cover
consisting of “granitic” (about 10 km thick) and “ basal-
tic” (15-20 km) layers and characterized by positive
gravity anomalies. The crustal base (Moho) dipstoward
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the Caucasus and Kopet Dag to depths of 45-50 km and
more. As noted above, the crust of the South Caspian
basin is oceanic and consists of a thick (over 20 km)
sedimentary sequence and a basaltic layer 10-15 km
thick. No granitic layer is present here (which istypical
of the oceanic lithosphere). The Moho depth under the
basin is 30-35 km, and high negative gravity anomalies
are observed in the region. The sedimentary cover is
strongly faulted and folded along the Cheleken-Apsheron
threshold, which is additional evidence for intense
dynamics of the seafloor here due to subduction pro-
cesses [Ulomov, 1993, 1997; Ulomov et al., 1999,
2002].

The original DSS results obtained in the middle of
the past century were recently revised and were nearly
completely confirmed [Baranova et al., 1990]. In par-
ticular, the South Caspian basin was demonstrated once
more to have a crust differing from adjacent platform
areas. Modern data processing methods significantly
increased the velocity structure resolution of the sedi-
Vol. 39
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mentary cover and provided more detailed constraints
on the Moho topography within the basin. Also con-
firmed were anomalously low velocities in the thick
sedimentary sequence, indicating its large porosity
despite the high pressures and temperatures at depths of
15-20 km. Two lower-vel ocity layers have been discov-
ered at these depths and in the sedimentary cover at
depths of 7 to 12 km. The origin of the upper layer is
interesting from the standpoint of geodynamics
because it includes mud volcano sources [Baranova
etal.,, 1990; Panakhi and Rakhmanov, 2000]. The
deeper layer with P velocitiesthat are very low for such
depths (about 4 km/s) is also anomal ous.

The most recent geophysical studies showed that the
structure of the South Caspian basin crust is consistent
with typical characteristics of other deep sedimentary
basins, but is characterized by amore intense process of
crustal shortening. Thus, low seismic velocitiesin sed-
iments can indicate rapid downwarping of the consoli-
dated basement that is not accommodated by an appro-
priate increase in the density of the sedimentary cover
[Baranova et al., 1990]. This conclusion is supported
by the isostatic disbalance of the lithosphere under the
South Caspian basin. Another factor in favor of its
dynamics is the contemporary seismic activity along
edges of the oceanic lithosphere block (the presence of
subcrustal seismic sources at its boundary with the plat-
form, mud volcanism, higher electrical conductivity
layersin the upper mantle, etc.)

SEISMICITY STRUCTURE

In this work, the seismicity pattern and seismic
regime were studied within the area including geneti-
cally related lithospheric structures of the eastern Cau-
casus, Elburz, Kopet Dag, and the Caspian Sea(Fig. 1).
In choosing the size of the area, | took into account the
available evidence on its seismicity, seismotectonics,
and seismogeodynamics.

Earthquake sources are shown in Fig. 1 in accor-
dance with their size and spatial orientation. Thisrepre-
sentation is based on alegend that was previously pro-
posed by the author and basically differsfrom the tradi-
tiona abstract pointwise representation of earthquake
epicenters. earthquake sources with M = 7.0 are
mapped as ellipses with a redlistic orientation of their
major () and minor (w) axes. Their sizes and relative
diameters of circles |’ representing M < 6.5 earthquake
sources are calculated by the formulas [Ulomov, 1974,
1999]

M=6.5: logl = 0.6M—2.5;
logw = 0.15M + 0.42; (1)
M <6.5: logl' = 0.24M -0.16.

The seismic potential of the study region is high.
The strongest earthquakes with magnitudes of about
M = 8.0 and higher occurred on the southern Caspian
coastinvariousyears. M =8.1, 856; M =8.0,958, M =7.8,

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 39

355

1668; and M = 7.9, 1895. The recent largest seismic
events within the study region were the destructive
(M = 7.4) Rudbar earthquake of 1990 in northern Iran
and the Balkhan (M = 7.3) earthquake of 2000 near the
eastern Caspian coast in western Turkmenistan. (Here
and below, the magnitude M means the M, value deter-
mined from surface waves.)

The geodynamics and seismicity pattern of the
study region, compressed by the Iranian continental
platein the south and by the Scythian-Turan continental
plate in the northeast, are noticeably ordered. The sym-
metry of linear and arcuate structures whose axes are
shown in Fig. 1 by broken lines is distinctly recogniz-
able within the region. These are two parallel linea-
ments characterized by the largest earthquakes and a
sine-like seismogenic structure exhibiting three bends
with apexes at the Caucasus, Elburz, and Kopet Dag.
The northern lineament extends a ong the Greater Cau-
casus, central Caspian Sea, and Kopet Dag, whereasthe
southern one traces sources of large earthquakes from
the North Anatolian fault in the west to the Elburz
mountainous structures and possibly extends farther to
the east. All these structures are seismically most haz-
ardous [Ulomov and Shumilina, 1999].

The South Caspian block located at the center of the
study region has an oceanic lithosphere that is less pli-
ableto geodynamic deformationsand isvirtually aseis-
micinitscentral part. Note that the northern edge of the
Arabian plate in the west and the median Lut massif in
the east of the Iranian plate are likely to be another two
strong portions of the continental lithosphere that are
largely responsiblefor the sine-like configuration of the
seismicity pattern. Thearrowsin Fig. 1 show the move-
ment directions of lithospheric plates and the interac-
tion between the southern and northern Caspian geob-
locks.

Figure 2 plotsthe year-averaged recurrence of M = 4.0
earthguakes that occurred within the entire study region
(solid circles) and solely in its offshore area (open
squares). Each plot is provided with its approximating
linear equation (an exponent), obtained by the maxi-
mum likelihood method and enabling the cal cul ation of
the year-averaged flow of seismic events in a given
magnitude interval.

The available information on the seismicity and
seismic regime of the Caspian region is fairly compre-
hensive. The slopes of the recurrence plotsb are normal
and their values on land and seavirtually coincide. The
yearly averages of the flow of seismic events N are well
fitted by alog-linear (exponential) function. An excep-
tionisseismic eventswithM =7.0and 7.5in the entire
region and withM = 6.0 and 6.5 inits offshore area; this
is quite natural, because higher-magnitude earthquakes
occur much more often than could be expected from the
ordinary linear extrapolation of recurrence plots to the
right [Ulomov and Shumilina, 1999]. Higher recur-
rence rate intervals of large earthquakes are marked by
broken lines. Note al so that the seismic activity level in
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Fig. 2. Recurrence plots of earthquakes of various magni-
tudesin the study region (solid circles) and the Caspian Sea
water area (open squares). N isthe year-averaged number of
events with magnitudes within therange M + 0.2 calculated
with a magnitude step of 0.5, and b is the recurrence plot
slope.

the Caspian water areais significantly lower compared
to the entire study region, which is accounted for by
both the smaller sea area and the specific seismogeody-
namic features of the entire region.

The majority of seismic events throughout the study
area have sources at depths of 10 to 15 km. However, as
noted above, a characteristic feature of the seismicity in
the region is the presence of deeper sources; they are

ULOMOV

usually confined to the linear and arcuate structures
shownin Fig. 1 and are most frequent in the Caucasus,
wheretheir depths often exceed 75 km. Seismic sources
with depths of up to 140 km are known on the Caspian
segment of the Caucasus—Kopet Dag lineament. Simi-
lar to other well-pronounced linear and arcuate ele-
ments of the seismicity pattern, this zone is clearly
traceabl e in maps showing the gradients of isostatic and
other geophysical anomalies (Fig. 3).

The ophialitic belt extending on both sides of the
Caspian Sea is another factor favoring the subduction
origin of the Caucasus—Kopet Dag zone. Within the
central Caspian water area, thiszoneistraceable by the
relatively large earthquakes of 1911 (M = 6.4), 1961
(M =6.0), 1963 (M = 6.2), 1986 (M = 6.2), and 1989
(M = 6.2 and 6.3). Among the coastal events located on
the same trace, the strongest were the Krasnovodsk
earthquake of 1895 (M = 7.9) in western Turkmenistan
and the earthquake of 1668 (M = 7.8), which occurred
on the opposite Caspian coast.

SEISMOGEODYNAMIC MODEL
OF THE REGION

The aforementioned correlation between local seis-
micity phenomena and anomalous variations in the
Cagspian Sealevel indicates their common geodynamic
origin, which is likely due to a specific deformation of
the crust and the whole lithosphere in the region stud-
ied. The occurrence of seismic events with deep hypo-
centers is evidence of specific development of deep
seismogenic processes involving the entire southern
Caspian oceanic crust plunging into the upper mantle.
As noted in [Ulomov et al., 1999], anomalous varia-

100 0 100 km
[

Fig. 3. General seismic zoning (OSR-97) map of the Caspian region: (1) gradients of isostatic anomalies (after the data of
M.E. Artemyev and M K. Kaban); (2) fragment of the OSR-97-A map showing seismic intensity zones (units of the M SK-64 scale,
a 0.9 probability that the seismic intensity will not be exceeded for 50 years, and an average recurrence of one seismic event per
500 years) [Ulomov and Shumilina, 1999]; (3) national borders and towns.
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Fig. 4. A 3-D seismogeodynamic model of the Caspian region (the vertical scale is exaggerated): (1) water mass; (2) sedimentary
sequence and faulted sedimentsin the central Caspian Seg; (3) continental crust; (4) oceanic crust relics; (5) subcrustal lithosphere;
(6) asthenosphere; (7) maximum gradients of isostatic anomalies; (8) large tectonic faults; (9) direction of the pressure exerted by
the Iranian and Arabian plates; (10) direction of the South Caspian lithosphere subduction under the Scythian-Turan plate;
(11) movement direction of the North Caspian lithosphere entrained by subduction; (12) local subhorizontal extension in the bend-
ing North Caspian lithosphere. The upper picture schematically illustrates the dynamics of the (A) Caucasus-Talysh, (B) Elburz—

Caspian, and (C) Kopet Dag—Turan blocks.

tionsin the sea level are likely due to alternating slow
bending deformations of the southern Caspian oceanic
lithosphere and rapid dip-dlip motions in the subduc-
tion zone.

The seismogeodynamic 3-D model of the Caspian
region (Fig. 4) developed by the author is based on the
examination of the spatiotempora and energy patterns
of seismicity and the deep structure and dynamics of
the lithosphere, as well as on the analysis of other geo-
physical, geodetic, and geological evidence. The main
features of the model are explained in Fig. 4. Three
blocks of the model are shown separately in the upper
left corner of the figure. The Caucasus-Talysh (A) and
Kopet Dag—Turan (C) blocks are continental, whereas
block B includes the Caspian Sea and Elburz mountain-
ous structures. All three blocks experience in the south
the geodynamic pressure of the Arabian and lranian
plates.

Under conditions of the submeridional compres-
sion, the blocks of the region are deformed and thicken,
giving rise to mountainous structures. The southern
Cagspian crust was found to be the strongest and most
resistant to folding. The pressure of the Elburz Moun-
tainsmakesit descend under the continental crust of the
Scythian-Turan plate in the central Caspian region
across the entire Cheleken-Apsheron threshold. The
continental crust involved in the motion along the sub-
duction zone aso experiences bending and related
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extension in its upper part; these deformations are
accommodated by slip motions of the normal faulting
type. Thisissupported by thefocal mechanismsof seis-
mic sources in the subduction zone, which are normal
faults, as digtinct from adjacent continentd areas [Baa
kina et al., 1993]. In the seismogeodynamic model
developed in the present paper, the direction of the slab
motion does not change its sign and focal mechanisms
in seismic sources remain virtually the same over time.

The subduction process consists of severa succes-
sive stages schematically illustrated in Fig. 5 (from top
to bottom). The horizontal compression and buildup of
elastic stresses in the oceanic lithospheric plate (top of
the figure) bend it upward (middle), displacing the sea
water mass and raising the sea level. Upon reaching
critical values of elastic bending, margins of this plate
descend under the continental lithosphere, flattening
the plate and thereby lowering the sealevel (bottom of
the figure). The descent of the margins can be imple-
mented through both rapid seismic motions and slow

creep.

To quantify the bending effect of the South Caspian
lithospheric plate on the sealevel, | perform the follow-
ing simplest calculations. Let this plate (supposed to be
strong enough) be modeled by arectangular plane area
with the sides a and b (Fig. 6). The pressure from the
south (arrows in the top figure) displaces the frontal
edge of the plate b in the horizontal direction by avalue
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Fig. 5. lllustration of the mechanism of horizontal compres-
sion (top), bending (middle), and subsequent sinking of the
South Caspian oceanic lithosphere: (1) continental lithos-
phere; (2) oceanic lithosphere; (3) upper mantle; (4) water
mass; (5) direction of the Elburz push; (6) sinking direction
of the bent North Caspian portion of the Scythian-Turan
plate; (7) direction of bending and sinking of the South Cas-
pian oceanic lithosphere; (8) sinking direction of the ocean-
ic lithosphere in the subduction zone.

¢, whereas its northern edge remains immobile. Since
the oceanic lithosphere is incompressible, the plane ab
is bent. To afirst approximation, this bend is described
in our model as a broken line, with its central part
uplifted by avalued; given very small c valuesand very
large sizes of the area ab, this approximation is admis-
sible. The incompressibility of the lithospheric plate
also impliesthat each lateral edge of the bent surfaceis
equal to a/2. Then, according to Fig. 6, the following
expressions are readily obtained:

d= %A/C(Za— c);
b(a4— C)A/C(Za—c); )

V = (a—c)bd _
h = vV _ (a—c)bA/i
=3 13 c(2a-c),

2
S
whereV isthe volume bounded by the plane ab and the

newly formed figure with faces a/2 and b, the height d,
and the base of an area (a—c) b and h is the height of
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Fig. 6. Upper boundary deformation of the South Caspian
oceanic lithosphere due to horizontal movements of its
edges: a and b are the horizontal dimensions of the South
Caspian plate, and d is the apex height of the broken line
modeling the bending deformation. Top panel: horizontal
displacement (c) of the southern edge of the plate (the oppo-
site edge is fixed). Middle panel: subsequent displacement
(e) of the opposite edge of the plate (arrows in the subduc-
tion zone) and the partia flattening of the plate. Lower
panel: the height of the water level rise (h, in meters)
throughout the sea surface as afunction of c. For the rest of
explanations, see the text.

the sealevel rise throughout the sea surface S (not only
in the southern Caspian Sea). Actualy, V isthe volume
of the entire Caspian Sea water displaced by the newly
formed configuration of the seafloor.

The model of the succeeding stage of the southern
Cagspian lithosphere dynamics is illustrated in the cen-
tral picture of Fig. 6. The opposite edge of the platebis
now displaced by avalue e, whereasitsfrontal edgedis-
placed by the value ¢ remains fixed. This process is
accompanied by seismic activation and creep in the
subduction zone, flattening of the plate, and the associ-
ated drop in the sea level. Finally, when the plane ab
becomes flat due to an increase in the number and

amplitudes of movements €, i.e., when ) e = c, the
plane ab as awholeis displaced northward. Such isthe
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model of the driving mechanism of the Caspian oceanic
lithosphere that can completely sink in the subduction
zone of the central Caspian Sea over a certain geologi-
cal timeinterval.

Now, | take typically Caspian values of model
parameters: a =400 x 10> m, b =450 x 10> m, and S=
3.71 x 10" m2, Then, setting ¢ = 10 mm, the maximum
amplitude of the sealevel riseish =10.8 m. According
to geodetic GPS data [Guliev et al., 2002; Jackson
et al., 2002], the actual value of c in the Caspian region
can be an order of magnitude smaller. However, even
such values of horizontal movements of a perfectly
rigid plate, amounting to very small fractions of a
degree (the strainsin the plate do not exceed 10#) result
inrelatively largevariationsinthesealevel. Asanillus-
tration of this phenomenon, the sealevel rise amplitude
his plotted in the lower part of Fig. 6 as a function of
the horizontal displacement (c) of the southern Caspian
lithosphere edge.

Undoubtedly, under real conditions, even a strong
oceanic lithospheric plate is not a perfectly rigid body
and experiences some deformations. Moreover, the sea
coasts are not plumb, as is assumed in the first model
approximation in Fig. 6, but are generally gently slop-
ing. This primarily relates to the northern Caspian Sea,
where aflood caused by arise in the sealevel isasig-
nificant, sometimes catastrophic, phenomenon. In prin-
ciple, these and other factors can be accounted for, but
this does not significantly change the relative estimates
of h and c obtained above in terms of the simplest
model. In other words, eveninsignificant displacements
of the southern Caspian plate edge will result in sub-
stantial variationsin the sealevel.

SEISMIC REGIME AND SEA LEVEL
VARIATIONS

The results presented below are based on a new
methodol ogical approach and additional seismological
data. | address the sequences of earthquakes of various
magnitudes that occurred within the study region (see
Fig. 1). Figure 7 shows variations in the time intervals
dT (in years) between earthquakes of various magni-
tudes that occurred within the study region over the
period from 1830 through 2002. The curve of variations
in the Caspian Sea level L is aso shown in this figure.
Earthquakes within magnitude intervals of 8.0 + 0.2,
75+0.2,7.0+0.2,65+ 0.2, and 6.0 + 0.2 were con-
sidered. All seismic events are representative within the
study area and in the time interval considered, and no
evidence on the largest events that occurred over sev-
eral centuriesis missing.

ThedT valueisthetimeinterval between successive
seismic events in each of the sequences considered (in
a given magnitude interval M). These values corre-
spond to the width of histograms whose areas are pro-
portional to such “delays’ in the occurrence time of a
current earthquake. The more frequent the earthquakes,
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the closer to the abscissa axis the respective dT values
and the smaller the amplitude and area of the histo-
gram. Vice versa, longer delays increase the area and
height of histograms. Evidently, if seismic events
occurred uniformly in time, their occurrence moments
would lie exactly on a horizontal line specified by the
ordinate equal to the period of such a rhythm. The
actual distribution of seismic events exhibits a regular
variation caused by deep seismogeodynamic processes.

The ordinate scale L of the right-hand bottom plot
relates to the variation curve of the Caspian Sea level.
For the sake of comparison, this scaleis reproduced in
Fig. 6 for each sequence of earthquakes of various mag-
nitudes. Seven categories of the sea level states can be
considered. Three of them reflect a stable state of the
level and its rise and drop. The other four characterize
changes in these states (rise—drop and drop—rise) and
changesin the rate (drop—drop and rise—ise). Less sig-
nificant higher-frequency fluctuations of the sea level
are not considered here. They are likely due to various
endogenic and exogenic factors (climatic, hydrological,
and others). Eliminating this high-frequency compo-
nent, the curve L can be approximated by the broken
line shown in Fig. 7.

The following time intervals are recognizable:
(1) 1838-1855, a sealevel drop; (2) 1855-1880, arise
at about the samerate; (3) 1880-1930, arelatively slow
and long-term drop; (4) 1930-1940, a very rapid, rela-
tively short, and intense (nearly 2 m) drop; (5) 1940-
1978, a dow long-term drop; (6) 1978-1992, a very
rapid, relatively short, and intense (nearly 2 m) rise; and
(7) 1992-2002, a rapid drop. Along with these catego-
ries, two sign changes in the sea level behavior (drop—
rise and rise-drop) are observed, and the drop rate
changed two times.

Analysisof timeintervals between successive earth-
guakes in relation to variations in the seismic regime
and sea level shows that they are correlated.

In accordance with the seismogeodynamic model of
the Caspian Sea described above, this relation is most
distinct in the case of the largest seismic events. Thus,
the Krasnovodsk M = 7.9 earthquake of 1895 (eastern
coast of the Caspian Sea; see Fig. 1) occurred morethan
two centuries after a similar earthquake of 1668 on
the opposite coast (in the town of Shemakha areain
Azerbaijan) and was preceded by a short rise in the
sea level (2). (Note that any reliable evidence on Cas-
pian Sea variations before 1838 is unfortunately
unavailable) The Krasnovodsk earthquake, the most
significant in theregion, wasfollowed by along (nearly
100-year) interval of the Caspian Sealevel drop includ-
ing three stages (3-5) of variation in the rate of thispro-
Cess.

No less convincing isthe sequenceof M = 7.5+ 0.2
earthquakesthat started, after a 150-year seismic quies-
cence, with the earthquake of 1930 that occurred west
of the southern Caspian coast against the background of
a relatively high sea level. It is noticeable that this
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Fig. 7. Variationsin the time intervals dT (in years) between successive seismic events (solid circles) of various magnitudes M and
in the Caspian Sealevel (L, in meters) during the time T (the years 1830-2001). (1)—(7) Are the sealevel variation stages.

earthquakewasfollowed by aseries of shocksalong the
Derbent trench in the central Caspian water area, their
sources being deepest in Caspian Sea; the largest of
these shocks occurred in 1931 (M = 6.2, H = 110 km)
and 1935 (M = 6.3, H = 100 km). All these events were
followed by a substantially accelerated drop of the Cas-
pian Sealevel (stage 4). The seven largest earthquakes
with M = 7.5+ 0.2 occurred at stages characterized by
a slowdown in the sea level drop (stage (5)) and by
sharp variationsin the sealevel (stages(6) and (7)). The
time intervals between these events averaged about
10 years, which is a very high recurrence rate, taking
into account that such events were not observed in this
region for one and a half centuries. Their sources are
emphasized in Fig. 1 by thicker contours and their
occurrence years are given at the contours.

The earthquake of 1930 was followed by the Ash-
khabad catastrophe of 1948. A similar earthquake in
Iran occurred in the same structure south of Ashkhabad
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in 1968 (i.e., after nearly the sametimeinterval). After-
ward, three earthquakes of the same rank took place in
avery short timeinterval (1976-1979), coinciding with
a sign change in variations of the sea level (the drop—
rise stage) and its dramatic rise in 1978. The first
occurred west of the Caspian Seain 1976, and the other
two (1978 and 1979), east of the seq, at nearly the same
distance from the coast. The next two seismic events of
the same rank separated by an interval of 10 years took
place in the proximity of Caspian coasts. These were
the destructive Rudbar, northern Iran earthquake of
1990 and the equally strong 2000 earthquake in off-
shoots of the Greater Balkhan Ridge in western Turk-
menistan (see Fig. 1).

The final sign change of the rise—drop type took
place immediately after the Rudbar earthquake, with
the sealevel drop being no lessrapid. Presently, itisdif-
ficult to gain additional constraints on the relation
between the sea level variations at stages (5)—(7) and
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thelast seven M = 7.5 £ 0.2 earthquakes, apart from that
the very high recurrence rate coincided in time with
sharp sea level variations. However, it is noteworthy
that the statistically mean distances &, (km) between
the nearest sources of all seismic eventswithM =7.5+
0.2 that occurred from 1930 through 2000 along the
seismogenic structures shown in Fig. 1 are consistent
with the “standard” values previously obtained by the
author in other seismically active regions of North Eur-
asia. Thevalue &, also constrainsthe size (diameter) of
the area involved in the preseismic process preceding
an earthquake of the respective magnitude [Ulomov,
1987a, 1987b, 1993, 1998]:

logd,, = 0.6M —1.94. 3)

According to (3), an estimate d,, = 363 km is
obtained for earthquakes with M = 7.5. Given a magni-
tude interval of M = 7.5 + 0.2, the range of d,, values
amounts to 275-480 km. Under the real conditions of
the study region, the statistical mean of 9, is 313 km
with an rms deviation of o = £93 km, which yields a
range of distances of 220400 km, i.e., closeto theoret-
ical estimates. These calculations used distances
between three sources along the southern lineament in
the west of the study region and distances between four
sources |ocated east of the Caspian Sea aong the north-
ern lineament and its southeastern continuation along
the arcuate structure.

Intricate seismogeodynamic and hydrogeodynamic
processes in the Caspian region continue. Notwith-
standing the very rapid rise in the sea level that started
in 1978, its position is still much lower than its heights
preceding not only the Krasnovodsk earthquake but
also the Iranian earthquake of 1930. In line with the
concept of preferable distances between epicenters
(PDE) [Ulomov, 1987a, 1987b], the position of the
potential source of the forthcomingM =7.5+ 0.2 earth-
quake can be predicted with a fairly high probability.
This sourceislikely to belocated in the coastal zone of
the southeastern part of the southern Caspian Sea coin-
ciding, according to the PDE concept, with a“ gap” that
has not been filled since 856, when the largest (M =8.1)
historical earthquake occurred in this area. The north-
eastern Caucasus remains another zone of potential
seismic hazard, as was repeatedly noted in [Ulomov,
1993, 1998; Ulomov et al., 1999].

Since 1946, the sequenceof M = 7.0+ 0.2 (see Fig. 7)
earthquakes has been characterized, similar to that of M =
7.5+ 0.2, by arecurrencerate that istwice ashigh. This
time period covers stages (5) and (6) of sealevel varia-
tions. No earthquake of this rank has occurred during
stage (7) asyet. Similar tothe case of M = 7.5+ 0.2, no
closer correlation between seismicity and sealevel vari-
ationsisrecognizable, apart from the fact that the recur-
rence rate of events at stages (5) and (6) increased.
More detailed calculations and analysis are required.

On the other hand, the sequences of seismic events
withM=6.5+0.2and 6.0+ 0.2 are similar in an appre-

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 39

361

ciable decreasein therecurrencerate at stage (5) and its
increase at stages (4) and (6) corresponding to rapid sea
level variations. Also noticeable is a 38-year M = 6.5
guiescence (1830-1868), coinciding with the first
period of arelatively low sealevel (stages (1) and (2)),
after which earthquakes of this rank occurred on aver-
age every 4-5 years.

Further examination of the correlation between seis-
mogeodynamic and hydrogeodynamic  processes
should take into account earthquake source sizes and
their distance from the Caspian Sea water area. For
example, athough earthquake sources of a relatively
low rank can be very sensitive to small fluctuations of
geodynamic stresses and strains in numerous small
blocks, variations in the sea level will remain unaf-
fected by such sources provided that they are far from
the Caspian Sea water area.

ELEMENTS OF LONG-TERM PREDICTION

For the purpose of monitoring of seismogeody-
namic processes and long-term prediction of strong
earthguakes, the sequences of events with M = 7.5 £
0.2, 7.0 £ 0.2, and 6.5 + 0.2 were used to construct
cumulative plots of the number of earthquakes versus
time shown in Fig. 8 (n isthe order number of an event
in each chronological sequence). The straight lines
obtained by the least-squares method approximate the
entire set of events in each sequence. The respective
equations with pertinent correlation characteristics
(R?), standard deviations (SD), and predicted earth-
quake occurrence times (t,) are presented in the inset. If
seismic events occurred uniformly in time, they would
al lie exactly on the approximating lines. Their real
behavior, albeit stationary on along-term scale, exhib-
its certain anomalies including those described in the
preceding section and showninFig. 7. Theseare prima-
rily the acceleration and slowdown periods of seismic
processes. For comparing the seismic regime with vari-
ations in the Caspian Sea level, the plot of the latter is
also presented in Fig. 8.

Evidently, the probability of an earthquake
increases with increasing deviation of earthquake
occurrence moments from their long-term averages
predicted by the approximating line. Thisisthe essence
of the simplest prediction scheme for earthquakes of a
given magnitude. As seen, slowdown periods can last
30 to 40 years, after which the earthquake recurrence
rate rapidly increases. Such time intervals of relative
seismic quiescence can be 1930-1970for M =7.5£0.2
and 1940-1970 for M = 6.5 + 0.2. As regards seismic
events with M = 7.0 = 0.2, their very rapid 10-year
development was followed by a period of relative qui-
escence that started in 1990 after the Rudbar earth-
quake. Presently, this curve deviates from the approxi-
mating line by about 20 years. A similar situation took
place in the first half of the 20th century, when strong
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Fig. 8. Sequences of seismic events of various magnitudes
and the long-term prediction of strong earthquakes in the
study region (n is the order number of an event and t is the
ohservationtime (inyears)): ()M =8.0+£0.2; (2 M=75%0.2;
BYM=70£0.2; (4 M =65 0.2; (5) predicted earth-
quakes (arrows are standard deviations SD from the average
timesty); (6) the M = 6.5 earthquake that occurred in north-
ern lran on June 22, 2002 (after the construction of these
plots); (7) smooth interpolation of theinitial data; (8) long-
term linear trend; (9) curve and stages of Caspian Sea level
variations. For the rest of explanations, see the text.

earthquakes of this rank occurred about 20 years after
such slowdowns in the accumulation of seismic events.

Thus, using cumulative plots of seismic events and
long-term average characteristics of the seismic
regime, occurrence time intervals of current earth-
guakes of a given magnitude can be predicted with a
certain probability. Importantly, the occurrence time
moment of such events in the plane tn has only one
degree of freedom, because each event can only shiftin
the horizontal direction without deviating from the
level corresponding to its current order number. This
allows one to predict, with a high probability, time
intervals of enhanced seismic hazard. Thus, an M =
7.5 = 0.2 earthquake (no. 9) should occur in the study
region in the period from 2004 to 2019 with an average
date of 2011.4 and the standard deviation D =+7.3. As
noted in the preceding section, its source will probably
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be located either southeast of the Caspian Seaor in the
northeastern Caucasus [Ulomov, 1993; Ulomov et al.,
1999]. An M = 7.0 + 0.2 earthquake (no. 22) can occur
during the years from 2004 to 2018. However, judging
from the accelerated development of previous events,
there are reasons to believe that it is more likely to
occur much earlier, i.e., before 2004.

An example of the confirmed prediction of an M =
6.5 event is the recent destructive earthquake of June 22,
2002 in northern Iran within the study region under
consideration (see Fig. 1). This event was not used in
our calculations. However, it lies within the prediction
interval of 1998 to 2014 indicating a very high proba
bility of such an earthquake to occur.

CONCLUSION

Based on the analysis of the deep structure of the crust
and the entire lithosphere, as well as on the study of the
fine structure of regiona seismicity and recent tectonic
movements, a seismogeodynamic model of the Caspian
region is proposed. According to this mode, a seismic
activation is preceded by arisein the seafloor of the South
Caspian basin and the appearance of “excessve’ sea
water, and vice versa, agenera drop of the sealevel fol-
lows large earthquakes and the sinking of the related
crustd blocks in the subduction zone. Numerica esti-
mates are obtained for geodynamic strainsin the southern
Caspian oceanic lithosphere responsiblefor the accumula-
tion of dadtic stresses and preseismic processes of loca
earthquakes.

The examination of variationsin the seismic regime
and the Caspian Sealevel reveaed regular patterns sup-
porting a common deep origin of both phenomena.
Being isolated from the ocean, the Caspian basin is
shown to be sensitive to the smallest deformations of
the lithosphere and is a specific indicator of the local
geodynamics and seismicity. The joint study of seis-
mogeodynamic and hydrogeodynamic phenomena pro-
vides new possibilities for the long-term prediction of
strong earthquakes in the Caspian region. The analysis
revealed that large (M = 7.0 = 0.2) earthquakes can
occur in the study region in the near future. The posi-
tion of their sourcesisto be determined by the analysis
of the migration of seismogeodynamic processes and
the identification of potentially hazardous areas of seis-
mogeni ¢ structures using, among others, GPS methods.

Finaly, it is interesting to recall to the reader that,
according to ancient Persian and Arabian maps and
written sources, the Caspian Sea in the historical past
consisted of two separate reservoirs separated by a nar-
row isthmus that connected the eastern and western
coasts of the contemporary sea and was a part of the
famous Silk Route. This isthmus was destroyed over a
very short time period due to a geological catastrophe
unknown to us; presently, its relics can only be found
on the Caspian seafloor and it is traceable by a chain of
preserved idands extending along the Cheleken-Apsh-
Vol. 39
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eron threshold. Apparently, the same geological cata
clysm changed the course of the Amu Darya River,
which once flowed into the Caspian Sea in the seis-
mogeodynamically most active area.
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