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INTRODUCTION

Recently, geophysicists, seismologists, and special�
ists in tectonophysics with increasing frequency have
directed their attention to the problem associated with
the role of water in processes of preparation and real�
ization of earthquakes. It is believed that the presence
of aqueous (or some other) fluid in the region of a seis�
mic movement can explain the considerable discrep�
ancies between the experimental data on breaking
stresses in geomaterials and the estimates of stresses
acting in the Earth’s interior [Fyfe et al., 1981; Kasa�
hara, 1985; Kalinin et al., 1989; and others]. It is sup�
posed that aqueous fluid not only decreases high litho�
static pressures by the value of the pore pressure of this
fluid but also behaves as a surfactant. The action of
fluid as a surfactant is called the Rebinder effect
[Goryunov et al., 1966; Traskin and Skvortsova, 2006;
and others]. In the case of a spatial configuration of
the fluid phase that is connected with the surface, the
fluid pressure is close to hydrostatic, whereas for iso�
lated fluid volumes, this pressure can approach and
even exceed the values of the lithostatic pressure. As
distinct from the role of pressure of the fluid pore,
methods for the quantitative estimation of the
Rebinder effect in conditions of the Earth’s interior
have not been developed as yet.

Evidently, the existence of an active fluid phase in
the lithosphere of the Earth is necessary for the expla�
nation not only of seismicity but also of a number of
other geological phenomena, in particular, for the
explanation of processes of ore and oil geneses [Large
and Extra Large É, 2006; Sokolov, 2001; and others].

The presence of aqueous fluid seems also necessary
for the explanation of data on the seismic structure
and electric conductivity of the Earth’s crust. Evi�

dently, only the existence of fluid�saturated zones can
explain the complex of data on the predominant coin�
cidence of layers with increased conductivity and
lower propagation velocities of seismic waves and on
the confinement of such zones to regions of increased
seismic activity and to faulted disturbances [Hyndman
and Shearer, 1989; and others].

The conclusion about the presence of aqueous fluid
in the crust and mantle raises the problem of investi�
gating the character of the interaction of the fluid with
the substance of the lithosphere. Substantial changes
in the character of such interaction will be associated
with zones of transition of rocks from the brittle to cat�
aclastic and then to the plastic character of rheology.
Indeed, different types of rock voids will cause distinc�
tions in the spatial configurations of the fluid phase
and in the fluid pressure values. It would also be
expected that with increasing pressure, the solid and
fluid phases will not exist separately but fluid will
become more and more completely and homoge�
neously incorporated into the rock structure.

We will describe the main features of depth changes
in the character of fluid–rock interaction as they are
interpreted by different authors. The works [Ivanov,
1990, 1998; and others], emphasize the important role
of the layer (“separator,” according to S.N. Ivanov),
which closes the paths of the free redistribution of fluid
and, accordingly, corresponds to the boundary
between the predominantly subhydrostatic (above)
and sublithostatic (below) values of the fluid pressure.
It has been substantiated that such a transition corre�
sponds to depths of 8–15 km; however, this transition
can be closer to the surface in very high�temperature
regions of the crust and in zones of present�day volca�
nism. Abrupt changes in seismotectonic and rheologi�
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cal properties of the Earth’s interior correspond to the
layer�separator. It is supposed that formation pro�
cesses of some types of ore deposits are associated with
this layer, and that the maximum of seismic activity
can be confined to it.

Fairly similar conclusions were made in [Nikolae�
vskii, 1979, 1982; and others]. These works put for�
ward the idea that the main changes in the structures
and properties of rocks correspond to changes in the
character of the fracture of geomaterials with depth
(with an increase in pressure). It is supposed that the K
boundary often identified in the middle crust corre�
sponds to the transition between the brittle and cata�
clastic (pseudoplastic) characters of the fracture. The
M boundary in this model corresponds to the transi�
tion of rocks into the true plastic state; that is why the
region below the M boundary is believed to be virtually
impermeable for fluids. Thus, two horizons of abrupt
changes in the character of fluid–rock interaction are
identified in the Nikolaevskii model. The first of these
horizons is close in depth to the Ivanov layer�separator
and corresponds to the transition from the fractured to
microfractured character of the fluid distribution.
Such a change in the empty space sharply decreases
the permeability of rocks and can correspond to the
transition from subhydrostatic to higher fluid pres�
sures, up to their sublithostatic values. Thus, as
applied to the region of the K boundary in the middle
crust, the conclusions from the Nikolaevskii and
Ivanov models are rather similar. The second transi�
tion layer confined, according to the Nikolaevskii
model, to the M boundary corresponds to the transi�
tion from the location of fluid in microfractures to its
accommodation in disturbances of the crystalline
structure of a rock, which involves a further sharp
decrease in the effective permeability of this rock.

The next depth change in the character of fluid–
rock interaction is associated with the incorporation of
aqueous fluid into the crystalline lattice of a rock. The
characteristic depth of this transition can be estimated
from the results presented in [Adushkin and Rodionov,
2005], who state that the energy of the chemical bond
of water with quartz oxides and other minerals corre�
sponds to the relative compression of the water mole�
cule by a factor of 1.3. At this and greater degrees of
compression, the bound state of aqueous fluid in the
structure of the crystalline lattice of a rock is thermo�
dynamically preferable (on average) than its separate
existence. Preliminary estimates have shown that the
threshold pressure, at which such changes take place,
is about 22 kbar and corresponds to depths of about
70 km [Levin et al., 2007].

The models discussed above disregard a number of
important factors. Thus, it is easy to see that the
Nikolaevskii model corresponds to the case of stable
mineral associations and high, nearly breaking tec�
tonic stresses (when the rock structure is largely con�
trolled by the character of the fracture process).
Speaking generally, both these suggestions do not cor�

respond to the conditions of the Earth’s interior,
where the characteristic values of acting stresses are
rather small [Fyfe et al., 1981; Rodkin, 1996; and oth�
ers] and, where numerous solid�state transformations
of rocks are realized in a wide range of P, T conditions
of the lithosphere. As is well�known [Kalinin et al.,
1989; Rodkin, 1993; and others], such transforma�
tions are accompanied by abrupt changes in the
strength and rheological properties of the substance;
consequently, the development of some or other solid�
state transformation can strongly distort the general
tendency of changes in the character of fluid–rock
interaction with depth.

However, one can presume that during the averag�
ing over large volumes of rocks with different compo�
sitions and temperatures, these general tendencies will
manifest themselves in the average character of the
changes in the strength and rheological properties of
rocks with depth. Indeed, the sequence of changes dis�
cussed above in the configuration of the space occu�
pied by fluid from fractured to microfractured, to the
fluid location in crystalline lattice disturbances, and
then to the fluidÕs incorporation into the crystalline
lattice corresponds to a progressive increase in the
homogenization of the geophysical medium. Such a
process is quite expected and natural, if temperature
and pressure increase with depth.

The universal character of the hydrostatic pressure
decrease in the fluid pressure and the Rebinder effect
also testify in favor of the probability of the manifesta�
tion of the general tendencies described above.
Indeed, the effect of a decrease in adsorption on the
strength of solids (the Rebinder effect) is realized in a
very wide range of conditions on the contact of a solid,
which is located in the field of tensile stresses, with a
fluid (liquid or gaseous) in an adsorption�active phase.
The Rebinder effect was observed in ionic, covalent,
and molecular mono� and polycrystalline substances,
as well as in glasses and polymers. This effect manifests
itself as an abrupt drop in strength, an increase in the
brittleness of the solid, and a decrease in its longevity.
In a complicated way, the Rebinder effect depends on
the interatomic interactions of the solid and fluid
phases, the value and type of the stress state, and the
temperature. The real structure of the solid phase, i.e.,
the concentration of dislocations, microfractures, and
foreign inclusions, plays a substantial role. Thermody�
namically, the Rebinder effect is caused by a decrease
in the work spent on the formation of a new surface as
a result of a decrease in the free surface energy of a
solid in the presence of fluid. The conditions existing
in the Earth’s interior, i.e., the presence of adsorption�
active aqueous fluid, fractures, intergranular bound�
aries, dislocations, a complex field of variable�scale
stresses, and increased temperature, ensure favorable
conditions for the development of the Rebinder effect.
The distribution of fluid becomes more and more dis�
perse with depth, and this can enhance the Rebinder
effect in the middle and lower parts of the crust.
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The hypothetical effect of the incorporation of
water into a crystalline lattice at high pressures is fairly
universal. For estimating the predominant depth of
this process, we will use the Theta equation of state for
water:

(1)

where B(S) is the function of entropy, n is the exponent
of the isentropy, and ρ and ρ0 are the water densities at
the pressure Р and at normal pressure. According to
Bridgman, at pressures up to 70 kbar, it is possible to
use the following values: B = 3047 kg/cm2 and n =
7.15.

In this case, the degree of the relative compression
of water will be determined from the expression:

(2)

Assuming now [Adushkin and Rodionov, 2005]
that the region, where water is incorporated into the
crystalline lattice, corresponds to a ratio of water com�
pression equal to 1.3, we estimate (see also [Levin et
al., 2007]) the mean depth of the transition of aqueous
fluid into the bound state at about 70 km. Note that
previously, such a characteristic depth was repeatedly
used in seismology. Traditionally, at a depth of 70 km
separates the regions of surface and deep seismicity
([Pisarenko and Rodkin, 2007] and references
therein).

The goal of this paper is to reveal and describe some
effects of the variability of the seismic regime with
depth, which can take place owing to the expected
changes in the character of fluid–rock interaction
noted above.

CHANGES IN THE CHARACTER
OF FLUID–ROCK INTERACTION

IN THE SEISMIC REGIME

Previously [Levin et al., 2007], it was demonstrated
that the fluid regime of the Earth’s interior changes at
the 70�km boundary due to the transition from the free
state of aqueous fluid to its incorporation into the
crystalline lattice of a rock. It was shown that in the
depth interval 60–100 km corresponding to a diffuse
boundary of 70 km, the seismic regime and mean val�
ues of some source parameters of earthquakes appre�
ciably change.

It has been shown that the annual cycle of the num�
ber of earthquakes with different magnitudes is reliably
identified for earthquakes with source depths smaller
than 70 km, whereas such a cycle cannot be identified
for earthquakes with deeper sources. This distinction
is explained by the fact that the microfractured fluid�
bearing medium located above the 70�km boundary is
sensitive to weak changes in the stress state caused by
cosmic and, possibly, seasonal actions associated with
the annual cycle, whereas the more homogeneous

P B S( ) ρ T p,( )
ρ0 T 0,( )
����������������⎝ ⎠

⎛ ⎞ n

1–
⎩ ⎭
⎨ ⎬
⎧ ⎫

,=

σ ρ
ρ0

���� P
B
��� 1+⎝ ⎠

⎛ ⎞
1/n

.= =

medium located below the 70�km boundary is not sen�
sitive to such actions.

It was also shown in [Levin et al., 2007] that in the
same depth interval (60–100 km), the behavior of the
mean values of some characteristics of earthquake
sources qualitatively changes with depth. Thus, if, up
to a depth of about 100 km, the mean values of appar�
ent stresses σа tend to increase with depth, at larger
depths, this parameter first drops to values close to
those typical of near�surface sources, whereupon it
remains approximately constant.

In a similar way, it has been demonstrated that at a
depth of about 70 km, the mean duration of the source
process qualitatively changes. The half�duration of the
source process σа was estimated as the difference
between the time in the source, obtained from the first
preludes and the time of the event obtained from the
calculation of the parameters of the seismic moment.
If, at depths smaller than 70 km, the time interval ΔT
clearly tends to decrease with depth, at greater depths,
the tendency is qualitatively different: the mean values
of ΔT increase with depth, first rapidly and then more
slowly.

Now, we will briefly describe the method of the cal�
culation, which was previously used in [Levin et al.,
2007] and will be used below in this paper. The values
of σà were estimated in the standard way from the data
of the Harvard catalog by using the seismic moment M
and the seismic energy Eσà = μEs/M,s:

σа = μEs/M, (3)

where μ is the shear modulus, and Es is the seismic
energy calculated in the standard way from the magni�
tude mb [Sobolev, 1993]. The value of the shear modu�
lus μ was assumed to depend on depth in accordance
with the HB1 model [Bullen, 1978].

Data on individual earthquakes were sorted in
order of the increasing depths of events, and the mean
values of σа (ΔT or some other parameter under inves�
tigation) were calculated for groups of events with
consecutively close depths.

The results obtained in [Levin et al., 2007] indicate
that the seismic regime undergoes a qualitative change
at depths of 70–100 km. In this work, we investigate
the character of seismicity above the 70�km boundary
in order to reveal the possible effects associated with
the changes in the character of the fluid–rock interac�
tion suggested above. As previously, we considered all
events from the Harvard catalog; however, only earth�
quakes with magnitudes exceeding 4.8 (without omis�
sions) were taken as the initial data from the
USGS/NEIC catalog.

In the Harvard catalog of seismic moments and in
the USGS/NEIC world catalog, a large number of
events are related to the three typical depths: 10, 15,
and 30 km. It can be suggested that these events
include not only earthquakes that actually occurred at
such depth but also earthquakes, whose depths were
determined inaccurately. Due to the contribution of
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inaccurately determined earthquakes, the variabilities
of different source parameters for the earthquakes,
which formally occurred at the specified three depths,
are anomalously large. Against the background of such
anomalously large scatters, the tendencies of parame�
ter changes depending on the source depth are poorly
traceable. In order to decrease the contribution of
inaccurately determined events, we rejected the earth�
quakes, whose depths, according to the data of both
catalogs (Harvard and USGS/NEIC), correspond to
one of the specified depths, which is evidently typical
of poorly determined earthquakes. As a result of such
a rejection, 16 416 of 22 547 earthquakes of the Har�
vard catalog remained, which allowed us to perform
the required statistical analysis. If the selection is
stronger, and the events, for which at least one depth
value (from both the Harvard and USGS/NEIC cata�
logs) is 10, 15, or 33 km, are rejected, the number of
remaining earthquakes will be insufficient for statisti�
cal analysis.

We investigated depth changes of mean source
parameters for groups of earthquakes with similar
depths (here and below, the source depth means the
mean value between the determined hypocenter depth
and the solution of the seismic moment). We consid�
ered such parameters as the density of the numbers of
events in depth n, the values of the apparent stresses σа,
the ratios of magnitudes mb/mw, and distinctions in
depth ΔН and time ΔT between the first arrival param�
eters (hypocenter) and the solution of the seismic

moment. In addition, we analyzed the slopes of the
recurrence plot of the seismic moment β.

Figure 1 shows the data of depth changes in the
density of the numbers (selected) of earthquakes (for
consecutive, in order of increasing depth, groups of
earthquakes, 100 events in each group). As seen from
this figure, a relative increase in seismicity takes place
in depth intervals of 10 and 20–30 km. Note that with�
out rejecting events with poorly determined depths,
the first maximum would sharply increase, owing to
events with depths of 10 and 15 km, and the second
maximum, owing to events with a depth of 33 km. The
data presented in Fig. 1 indicate that the seismicity
maximums, often recognizable in the middle part and
near the base of the continental crust, are evidently not
a consequence of the inclusion of poorly determined
events with fixed depths of 10, 15, and 33 km, but
actually exist.

In the depth range 70–80 km, the changes in the
density of the numbers of earthquakes with depth
acquire a different character. While a monotonic
decrease in the density of the numbers of earthquakes
is observed in the depth interval from 30 to 70–80 km,
in the depth interval from 80 to 150 km, this parameter
changes relatively slightly and is characterized by weak
maximums and minimums. On the whole, we noted
that the theoretically expected depth intervals, where
substantial changes in the character of fluid–rock
interactions (8–15 km and near 30 and 70 km) take
place, are distinguished by specific features, which
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Fig. 1. Dependence of the density of the numbers of events n on the depth H. The circles mark the regions of mid�oceanic ridges
and rhombs and the dots mark the remaining earthquakes.
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characterize changes in the density of the numbers of
earthquakes with depth. Below, we will consider depth
changes in other parameters of the seismic regime.

The mean values of the apparent stresses σа and the
ratios of the magnitudes mb/mw are presented in
Figs. 2a and 2b, respectively. The regions of relatively

decreased σа values confined to depth intervals of
about 10 and 20–30 km, as well as the less clearly pro�
nounced region of relatively decreased σа values at
depths of about 50–70 km, are seen in Fig. 2a. The
qualitatively analogous but differently pronounced
features are observed for the mean values of the ratio

40
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σa, bar
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0.90

0.85
0 20 40 60 80 100

H, km

mb/mw

(а)

(b)

Fig. 2. Depth dependences of (a) mean values of the apparent stresses σа and (b) the ratio of magnitudes mb/mw. The circles mark
regions of mid�oceanic ridges and rhombs and the dots mark the remaining earthquakes.
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mb/mw (Fig. 2b). The nearly identical changes in σа

and mb/mw with depth are quite predictable, based on
the formula for calculating the apparent stress (3), in
which the numerator and denominator are increasing
functions of mb and mw, respectively. Note, however,
that the ratio mb/mw characterizes the contributions of
the high� and low�frequency seismic radiations,
because the magnitude mb is determined from pre�
dominantly high�frequency seismic oscillations, and
mw, from the low�frequency component of the seismic

radiation. This leads to the fact that events that occur
at depths of about 10, 20–35, and, less definitely, 60–
80 km, have reduced apparent stresses σа and are char�
acterized by a lower�frequency seismic radiation.

The changes in the mean half�duration of the
source process ΔT(а) and the displacement of the
source process along the vertical ΔНare presented in
Figs. 3a and 3b, respectively. From the results of the
determination of the seismic moment, the negative
ΔН values correspond to the shallower depth of the
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Fig. 3. Depth dependences of mean values of the differences for (a) the time moment of the event ΔT(а) and (b) the source depth
ΔH, determined from the solution of the seismic moment and from the first preludes. The circles mark the regions of mid�oceanic
ridges and rhombs and the dots mark the remaining earthquakes.
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source. Both figures display rather clearly pronounced
maximums in depth intervals of 10, 20–30, and 50–80
km. The duration of the radiation process of seismic
waves in these depth intervals is relatively reduced,
whereas the process of opening in the source develops
predominantly toward the surface. Such features of
the source can be related to the more active role of a
low�density fluid, which favors the fastest develop�
ment of the fracture process and the fracture propaga�
tion into a region of low pressures (which can be
explained by the fact that a low�density fluid tends to
break through in this direction).

The variability with depth of the recurrence plot
slope β for the seismic moment values is presented in
Fig. 4. The recurrence plot slope β was estimated for
groups of earthquakes by the maximum likelihood
method with the use of the Hill formula [Pisarenko
and Rodkin, 2007]:

(4)

where m is the number of ranked maximum values of
the seismic moment (М1 ≥ М2 ≥ М3 ≥ … ≥ Мm). In our
case, taking into account the incomplete representa�
tiveness of the catalog in the region of weaker events,
the quantity A was assumed as А = М50. Accordingly, in
formula (4), m = 50. Recall that the mean value of
β for the crustal seismicity is close to 0.66, and the
β value typical of zones of mid�oceanic ridges are
somewhat larger and approach unity [Pisarenko and
Rodkin, 2007]. The data presented in Fig. 4 corre�
spond to this general regularity: the minimum values
of β are grouped near a depth of 30 km, and a less pro�
nounced anomaly is outlined at depths of 15–20 km.

β 1/m Mi/A( )ln∑{ } 1–
,=

The decreased values of β at depths of about 30 km
indirectly indicate that the anomalies shown in
Figs. 1–3, which are inherent in these depths, are not
caused by poorly determined (predominantly weaker)
earthquakes related to this depth interval. Indeed, the
prevalence of weak events could cause an increase in
the recurrence plot slope (as is the case for regions of
mid�oceanic ridges) rather than a decrease. The con�
finement of decreased β values to depths of about
30 km indicates that a relatively large fraction of rela�
tively stronger earthquakes occur here.

It was previously noted [Levin et al., 2007] that the
annual cycle of seismic activity is characteristic of
shallow earthquakes, whereas no such cycle is identi�
fied for deeper sources. The degree of uniformity of
the monthly mean distributions of the numbers of
earthquakes and the characteristic depths of regime
changes were statistically estimated for each of 31 sub�
regions located along the perimeter of the Pacific
Ocean in five magnitude ranges for each subregion. In
all, about 80000 events were used. We estimate the
value of P, i.e., the probability that the statistical sam�
ple belongs to a nonuniform distribution. The hypoth�
esis of the uniformity of the distribution was rejected
for samples with shallow events, for which the values
of P lie within the range from 0.87 to 0.999 (for 75% of
samples, P 0.99).

For determining the threshold depth, we carried
out a selection process from the following depth levels:
20, 40, 60, 80, 100, 120, 140, 160, 200, 250, and 300 .
The procedure of testing was consecutively repeated
for each threshold value in order to determine the
boundary, which divides the entire set of events into
two subsets: shallow events distributed nonuniformly
during the year and deeper events, whose distribution
can be regarded as uniform. As an example, Fig. 5
illustrates the results of such testing for Kamchatka
over five magnitude ranges. The analysis performed for
the set of subregions showed that the threshold bound�
ary Hth exists and is located in the depth interval 60–
100 km (for the majority of subregions, at a depth of
60–70 km).

DISCUSSION

As seen from the above analysis, a number of com�
mon features have been revealed in the variabilities of
the depth of the mean density of the numbers of earth�
quakes n, the slope β of the recurrence plot, the appar�
ent stresses σа, the ratio of magnitudes mb/mw, as well
as the mean values of the half�duration of seismic radi�
ation ΔТ and the half�length of the source zone along
the vertical ΔН. Changes in these parameters are con�
fined to a depth of about 10 km and to the depth inter�
vals 20–30 and (less clearly) 60–80 km. The relatively
increased density of the numbers of earthquakes n
(excluding the 70�km boundary) and decreased values
of the apparent stresses σа, the magnitude ratio
mb/mw, and the slope β of the recurrence plot are char�

1.0

0.8

0.6

0.4

β

H, km
0 20 4060 80 100

Fig. 4. Depth dependence of mean values (for groups of
earthquakes arranged in increasing order of depths) of the
slope of the recurrence plot of the seismic moment M. The
circles mark the regions of mid�oceanic ridges and rhombs
and the dots mark the remaining earthquakes.
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acteristic of these depth intervals, as well as the faster
process of opening and a more clearly expressed ten�
dency toward the development of the process of open�
ing in the direction of the Earth’s surface. The set of
such changes can be interpreted in the sense that the
geophysical medium in these depth intervals has a
reduced strength, because the deep fluid regime is
more active there, whereas the predominant develop�
ment of earthquake sources toward the surface can be
explained by the fact that a low�density fluid tends to
break through into the region of lower pressures.

The revealed depth intervals with specific seismic
regimes correspond fairly well to the depths, at which
substantial changes in the character of fluid–rock
interaction were supposed to occur from model con�
siderations [Nikolaevskii, 1979; Ivanov, 1990; Levin et
al., 2007; and others]. All these changes take place,
when the effective permeability of the underlying
sequences of the lithosphere decreases in a jump�like
manner. Accordingly, in these sequences, the fluid will
be at higher pressures, and its occasional break�
throughs could cause the specific features of the seis�
mic regime described above.

A certain discrepancy between the expected
depths, and the depths revealed by us, of the anoma�
lous layers is observed for the region located at the base
of the continental crust. According to the Nikolaevskii
[1979] model, the anomalous layer corresponds to the
M boundary. According to our results (Figs. 1–3), this
layer is located somewhat higher, in the depth interval

20–30 km. Therefore, it seems more justified to relate
this layer not to the M boundary but to the transition
from rocks of the flooded amphibolite facies to the
anhydrous (according to petrological notions) rocks of
the granulite and eclogite facies.

The division of lithospheric sequences into depth
intervals, where aqueous fluid can be in the free state,
and where it will be (predominantly) incorporated into
the crystalline lattice, is supported by the results of the
analysis of the degree of the manifestation of the acti�
vation of the annual cycle in the seismic regime. This
cycle is reliably recognizable for earthquakes with
source depths of at least 70–80 km and is not recog�
nizable for deeper earthquakes. This distinction can be
explained by the fact that the microfractured medium
above the characteristic 70�km boundary is more sen�
sitive to weak external actions and responds to external
disturbances having an annual cycle of actions. On the
contrary, more homogeneous sequences, where fluid is
incorporated into the crystalline lattice, are more sta�
ble and insensitive to weak annual variations in exter�
nal (in particular, cosmic) actions.
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and the values of the probability that the given sequence of events does not obey the uniform distribution law are plotted on the
ordinate axis. For the Kamchatka subregion, the curves are calculated from the discrete monthly scale.
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