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INTRODUCTION

It is known that many large earthquakes in various
regions worldwide were preceded by ring structures of
seismicity, which generally take several decades to form
[Sobolev, 1993; Kopnichev and Mikhailova, 2000; Kop�
nichev et al., 2006; Jaume and Sykes, 1999]. Such struc�
tures mostly consist of earthquakes with energies a few
orders below that of the main shocks [Sobolev, 1993;
Kopnichev et al., 2006; Jaume and Sykes, 1999]. These
facts are of importance for predicting the locations of
future large earthquakes, but the origin of these ring struc�
tures remains poorly understood [Jaume and Sykes,
1999]. It is therefore of great interest to study the fine
structure of the Earth’s crust and uppermost mantle in the
areas of such seismicity rings, primarily for the identifica�
tion of fluid�rich zones, since recent studies have shown
the very important part played by free lithospheric fluids in
the precursory processes of large earthquakes [Kopnichev
and Mikhailova, 2000; Kasahara et al., 2001; Yamasaki
and Seno, 2003]. One of the most effective parameters
that help to detect fluid�rich zones is the attenuation of
short period shear waves, which are very sensitive to the
presence of a liquid phase [Kopnichev and Mikhailova,
2000; Kopnichev and Sokolova, 2000, 2003, 2007; Kop�
nichev et al., 2004, 2006, 2009]. The present study com�
pares seismicity characteristics and shear wave attenua�
tion in the source zones of two great earthquakes, the
December 26, 2004 Sumatra, Mw = 9.0 and the Novem�
ber 14, 2001 Kunlun, Mw = 7.8 events. Proceeding by

analogy with the data we obtained, we identified a zone
that is anomalous by these parameters in northern Tien
Shan where no M > 6.5 earthquakes have occurred during
the last several centuries.

METHOD OF STUDY

Identification of ring structures of seismicity. The first
stage of this work involved examination of seismicity in
the area of study, which includes the source zone of a large
earthquake. We made maps of the epicenters of earth�
quakes with magnitudes equal to or greater than a thresh�
old value (Mthre) where Mthre was usually 2–3 magni�
tude units below the mainshock magnitude. The seismic�
ity rings were constructed so as to have approximately
equal numbers of comparatively smaller events on both
sides of the ring outline. In nearly all cases that were con�
sidered in previous studies, the rings had shapes close to
an ellipse [Sobolev, 1993; Kopnichev and Mikhailova,
2000; Kopnichev et al., 2006; Jaume and Sykes, 1999]. It
should be noted that the ring structures become “hazy,”
when the values of Mthre are too low [Jaume and Sykes,
1999]. We used post�1964 earthquakes, because earth�
quake location accuracy was enhanced thanks to the
appearance of the worldwide standardized seismographic
network, WWSSN [Butler et al., 2004]. For Sumatra and
Tibet we analyzed data from the NEIC since 1973
(www.earthquake.usgs.gov) and from the ISC for 1964–
1972 (www.isc.ac.uk); for central Tien Shan the catalog
was SOME MON RK (www.kndc.kz).
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Mapping the attenuation field. This was done using a
method based on the analysis of the rate of decay for the
early Sn and Lg coda amplitudes; the method estimates
the overall attenuation in the uppermost mantle around
the epicenter from the data of a single station [Kopnichev
et al., 2009].

We considered the envelopes of Lg and Sn codas due to
comparatively small earthquakes (usually with M < 5.5).
The crustal Lg phase is a combination of overcritical
shear�wave reflections at the crustal bottom; its average
velocity is very stable in different areas and is close to
3.5 km/s [Kopnichev, 1985; Kaazik et al., 1990]. The Lg
group disappears when the path traverses oceanic crust, as
well as when the attenuation in continental crust is suffi�
ciently high. In such cases the records only show the Sn
group with its coda, which penetrates the upper mantle
(Fig. 1) [Kopnichev, 1985; Kopnichev and Arakelyan,
1988].

Several works [Kopnichev, 1985; Kopnichev and
Arakelyan, 1988; Kaazik et al., 1990] have thoroughly
studied coda characteristics at frequencies around 1 Hz
(including the analysis of arrival direction and apparent
velocities, polarization, space–time variations, etc.). The
analysis suggests that the Sn and Lg codas have a similar
origin; they are mostly composed of shear reflections from
numerous subhorizontal interfaces in the upper mantle.

As lapse time t since the radiation began increasesing,
the coda receives waves that were incident at the crustal
bottom at progressively higher angles and penetrate to
greater depths in the upper mantle. Figure 1 shows a sche�
matic diagram of the rays that make up the Sn and Lg
codas. Ray I is a head wave that propagates along the
Moho. The later arrivals are shear waves that are reflected
at various interfaces in the upper mantle. If the source
zone in the uppermost mantle involves a zone of relatively
lower (higher) attenuation, this will lead to a compara�
tively slower (faster) decay of amplitudes in the initial part
of the coda (rays II and III). After ray III come shear waves,
which penetrate into the volume of “normal” (for the
depth range involved) attenuation. This gives a rapid
increase or decrease, respectively, in the rate of decay of
coda amplitudes. The resolution of this method is a few
tens of kilometers [Kopnichev et al., 2009].

Since attenuation significantly depends on frequency
[Kopnichev, 1985], we began by performing narrowband
filtering of the vertical components. We used a filter cen�
tered at 1.25 Hz; it was 2/3 octaves wide. The formula
Ac(t) ~ exp(–πt/QsT)/t (Ac is coda amplitude, T the
period [Kopnichev, 1985; Kopnichev et al., 2009]) was
used to determine effective Q in the time interval 70 s fol�
lowing Lg (between t = 100–170 s at epicentral distance
Δ ~ 250 km and t = 330–400 s at Δ ~ 1100 km). Estimates
show that the ray offsets at depths down to 100 km is sev�
eral tens of kilometers for waves that correspond to the
end�points of these intervals (the depth of focus was
assumed to be zero) [Kopnichev et al., 2009]. When there
was no 1�Hz Lg group on the records, measurements were
made after the time of its theoretical arrival as given by the
time–distance curve. We wish to note that effective Qs

incorporates the overall effect of attenuation proper
(absorption) and scattering [Kopnichev, 1985]. However,
as has been shown previously, the relation αa/αs � 1 holds
for frequencies of ~1 Hz, even in areas of comparatively
low seismic attenuation in the upper mantle, where αa
and αs are the attenuation and scattering coefficients,
respectively [Kopnichev, 1985]. Numerical simulation
corroborates this observation [Kaazik and Kopnichev,
1990]. With this result in mind, we can assume that Qs
is mostly due to shear wave attenuation in all cases con�
sidered. Unlike [Kopnichev et al., 2009], we did not
determine the Q in the distant code, which was used for
normalization when comparing data acquired in very dif�
ferent areas. This allowed us to use records of compara�
tively small events for our analysis.

DATA ANALYSIS

The zone of the December 26, 2004 Sumatra earth�
quake. This event, the greatest in the world since 1964,
caused a giant tsunami in the Indian Ocean. The after�
shock area was about 1400 km long. It was a thrust earth�
quake, a mechanism typical of great earthquakes at sub�
duction zones [Rhie et al., 2007].

Figure 2 shows the epicenters of all shallow (h ≤

33 km) moderate�sized (M ≥ 5.5) earthquakes that
occurred in the southern part of the source zone and its
environs during the period from January 1, 1969 to
December 25, 2004. One can see that a ring structure is
formed in the area between 1° and 7°N by the epicenters;
the greater axis of the structure is about 700 km and strikes
northwest. The Sumatra earthquake epicenter is near the
eastern edge of the ring. It should be noted that the over�
whelming part of the larger aftershocks of this event at
depths of 34–60 km, which were recorded prior to March
28, 2005, when another great earthquake (Mw = 8.6)
occurred in the Sumatra region, were confined to the
boundary of the structure (see Fig. 2).

100

200

300

100 200 300 400 5000
Δ, km

1

2

3
h, km

I

II

III

Fig. 1. Diagram of rays that form the Lg and Sn codas:
(1) volume of anomalous attenuation in the upper mantle,
(2) volume of “normal” attenuation, (3) Moho interface.
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Figure 3 shows the values of M versus time for the
earthquakes in the ring area for the period between 1964
and 2004. From this figure it follows that the rate of M ≥
5.5 events began increasing rapidly from 1994. Two rather
large events occurred during the last decade prior to the
2004 Sumatra earthquake (November 8, 1995 with M =
7.1 and November 2, 2002 with M = 7.6). From this it fol�
lows that the mean rate of seismotectonic strain in the ring
structure area reached its maximum approximately
2 years before the main shock.

Our study of inhomogeneities in the attenuation field
was based on records of shallow earthquakes (h ≤ 30 km)
made at the PSI station (mostly in 2004–2006) at epicen�
tral distances of ~250–700 km. (We note that the thick�
ness of continental crust in the Sumatra I. area is about
30 km [Simoes et al., 2004].) More than 200 records of
M ≤ 5.5 events were used.

Figure 4 shows sample records of two crustal earth�
quakes made at the PSI station. The earthquake epicen�
ters are inside the seismicity ring and at its boundary.
From this figure it follows that the earlier Sn coda for the
first event (in a time interval of ~70–80 s duration)
decayed much more slowly than that for the second.

Figure 5 shows examples of the general coda envelope
for different parts of the source zone and its environs. It
can be seen that the rate of decay for the amplitudes in the
earlier coda is subject to considerable variation. In the
case under consideration, the gentle slope in the initial
part of the coda corresponds to the area of the deep�sea
trench and to that east of the volcanic front. A much
steeper slope is observed for the volcanic area. It should be
noted that the highest attenuation of coda amplitudes for
this line corresponds to the area west of Sumatra I. at dis�
tances of about 180 km from the trench.

Figure 6 shows the attenuation field in the area of
study. The entire range of Qs is divided into three levels
corresponding to high (Qs = 150–220), intermediate
(230–330), and low (370–1000) attenuation. Each sym�
bol is referred to the center of a small zone (generally a few
tens of kilometers in diameter) for which we constructed
the overall coda envelopes, and, thus, averaged the data.
One can see two linear bands of high attenuation trending
northwest and north–northeast between the trench and
Sumatra I. The epicenter of the Sumatra earthquake is in
the area where the two bands intersect. It is important to
note that the eastern part of the shallow seismicity ring is
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Fig. 2. Seismicity characteristics in the source zone of the Sumatra earthquake. The period January 1, 1964 to December 25, 2004:
(1, 2) depths of 0–33 km and the period December 26, 2004 to March 27, 2005: (3, 4) depths of 34–60 km. (1, 3) 5.5 ≤ M < 6.5,
(2, 4) M ≥ 6.5, (5, 6) the epicenters of the December 26, 2004 and March 28, 2005 earthquakes (Mw = 8.6), respectively, (7) seis�
micity ring before the December 26, 2004 Sumatra earthquake, (8) trench axis, (9) volcanoes, (10) seismic station.
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confined to the northwestern and southwestern parts of
the bands. It is of interest that the southwestern edge of the
southern band of high attenuation intersects the trench.
The attenuation shows a dramatic drop northwest of it.
One mostly has low and intermediate attenuation inside
the seismicity ring. A narrow zone of intermediate Qs is on
the west boundary of Sumatra I. The attenuation field is
very heterogeneous east of that zone, in the volcanic area.
We note that the attenuation is low in the area of the
northernmost Pleistocene volcano Poulau Weh, while the
southern younger volcanoes (Seulawah Agam, Geureud�
ong, and Peuet Sague) which erupted in the 19th–20th
centuries, show high and partly intermediate attenuation.
East of the volcanic front (between 97° and 98°N) the val�
ues of Qs rapidly increase.

Figure 7 shows the effective Q as a function of the dis�
tance for a line normal to the trench (see Fig. 6). The over�
all trend is for Qs to decrease from the trench toward the
volcanic front. Upon this background we see a prominent
anomaly in Qs where the high attenuation band is tra�
versed (at distances of ~130–200 km from the trench).
Overall, the values of Qs are even lower there than in the
volcanic area.

The above data demonstrate a high shear wave attenu�
ation in the uppermost mantle confined to the eastern and
southeastern boundaries of the seismicity ring preceding
the Sumatra earthquake.

The zone of the November 14, 2001 Kunlun earth�
quake. This earthquake occurred in northern Tibet and
was the greatest in Central and South Asia, second only to

the 1950 Assam earthquake. The faulting was right lateral
strike–slip; the surface breakage extended for about
400 km [Bufe, 2004] (Fig. 8). The rupture propagated
from west to east [Bufe, 2004].

Figure 8 also shows the seismicity of the area within
the coordinates 31–40°N and 85–95°E in Central Asia.
We selected all M ≥ 5.5 earthquakes for the period from
January 1, 1964 to November 13, 2001. It follows from
this figure that the overwhelming part of all events forms a
ring whose greater axis extends north–northeast for about
700 km. The Kunlun earthquake epicenter is inside the
ring at a distance of ~150 km from its eastern boundary.

Figure 9 illustrates the distribution of earthquakes in
the area of this ring structure during the time period
1964–2001. In the case under consideration we see that 5
of the 19 M ≥ 5.5 earthquakes, including the great (M =
7.5) earthquake of November 8, 1997, occurred between
1994 and 1997. It can thus be said that the seismicity ring
mostly formed about 4 years prior to the main event.

Records from the LSA and WMQ stations were used to
investigate inhomogeneities in the attenuation field in the
area of study; a total of about 170 records of crustal earth�
quakes in the ranges of epicentral distance 330–730 and
550–1100 km, respectively, were used for LSA and WMQ.
Figure 10 shows examples of WMQ records. It follows
from this figure that the early Lg coda for the epicenter at
the boundary of the ring structure in the time interval
~60–70 s decays much faster than outside the structure.
Figure 11 shows Sn coda envelopes for the southern part
of the study area based on LSA records. It can be seen that
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Fig. 3. Distribution of earthquake magnitudes over time in the area of a ring structure.
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the envelopes have a much steeper slope in the initial part
for epicenters at the ring boundary compared with zones
inside and outside the ring.

Figure 12 shows a map of the attenuation field for the
area of study. The data for each station were again divided
into three grades corresponding to high (Qs = 120–150
and 190–260), intermediate (160–200 and 270–310),
and low (210–300 and 340–420) attenuation for LSA and
WMQ, respectively. We note that this large difference in Qs
for the two stations is due to some features in the structure
of the lithosphere and asthenosphere where the stations
are installed, viz., in East Tien Shan (WMQ) the shear
wave attenuation in the crust and upper mantle is much
lower than in Tibet (LSA).

It follows from Fig. 12 that the symbols that denote
high attenuation are concentrated at the boundary of the
ring structure based on the LSA data. At the same time we
see intermediate and low attenuation inside and outside
the ring. The WMQ data show considerable variations in
the attenuation field at the north boundary of the ring,
zones of low, intermediate, and even high attenuation
zones are identified. Nevertheless, the areas inside and
outside of the ring (except for the 2001 rupture zone)
mostly show intermediate and partly low attenuation.

The records of these stations were also used to map the
source zone of the Kunlun earthquake. It appears from
Fig. 12 that a prominent anomaly of high attenuation
occurs in most of the source zone, both inside and out�

side of the ring, as inferred from the 1990–2004 WMQ
data. At the same time, the source zone itself shows
intermediate attenuation based on the LSA data.

It should be noted that nearly all major fault zones in
Tibet trend roughly east–west, in a similar manner to the
2001 Kunlun rupture zone [Tapponnier and Molnar,
1977]. From this it follows that in the case under consid�
eration, the characteristics of the attenuation field in the
area of the seismicity ring are not related in an unambigu�
ous manner to the positions of the major crustal faults.

To sum up, the characteristics of the lithosphere in the
areas of the ring structures that formed before great earth�
quakes in a subduction zone (Sumatra I.) and in an intra�
continental area proved to be similar; in both of these
cases, comparatively high shear wave attenuation in the
uppermost mantle was confined to the seismicity rings.

Below we describe results from a comparison of seis�
micity characteristics and attenuation in an anomalous
zone of Central Tien Shan that was identified previously
[Kopnichev et al., 2004, 2006] where no large earth�
quakes have been recorded during the past several hun�
dred years.

Central Tien Shan. Our analysis of seismicity is based
on the time interval 1993–2007 in order to exclude the
effects due to the August 19, 1992 Susamyr earthquake
(M = 7.3), the greatest event in Central Tien Shan after
the 1946 Chatkal earthquake (M = 7.5). We note that the
overall level of seismicity experienced a dramatic drop
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Fig. 4. Sample seismograms of earthquakes recorded at the PSI station. Here and below: a 1.25 Hz filter. The top trace is for an
earthquake inside the seismicity ring (2.88°N and 95.46°E, h = 25 km, Δ = 385 km). The bottom trace is for an earthquake in the
ring area (3.79°N and 95.80°E, h = 30 km, Δ = 367 km). Here and in Figs. 10 and 15 we indicate the arrivals of Sn and Lg and
the time scale.
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since 1993 in all of Tien Shan [Kondorskaya and She�
balin, 1977; Kopnichev et al., 2004]. While the rate of
seismicity during the period from 1887 to 1992 was
one M ≥ 7.0 earthquake every 7–8 years, there has been
no such event during the last 18 years. In addition, there
was also an obvious deficit in the rate of M ≥ 6.0 earth�
quakes compared with the average seismicity. All of this
evidence points to the idea that a possible large earth�
quake (M ≥ 6.5) is likely to occur in Tien Shan in the near
future [Kopnichev et al., 2004, 2006; Kopnichev and
Sokolova, 2007].

Figure 13 shows the epicenters of all K ≥ 11.0 earth�
quakes in Central Tien Shan (40–44°N, 73–80°E ) dur�
ing the period from January 1, 1993 to July 1, 2007. The
highest level of activity was exhibited during this time
interval by the Kokshaal Range at the boundary with
Tarim, where several M ≥ 6.0 events have occurred. West
of Lake Issyk Kul we identified a ring structure between
75° and 76°Е whose greater axis (~150 km) trends nearly
east–west. The structure extends from the eastern bound�
ary of the Kirgiz range to the eastern part of the Naryn
Basin. We note that this high density of epicenters of com�
paratively large events at the southern boundary of the ring
is unusual, since it occurs in the Naryn Basin, whose seis�
micity rate is comparatively low [Kondorskaya and She�
balin, 1977]. At the eastern boundary of the ring structure
we have the December 25, 2006 Kochkor earthquake
(M = 5.8), which was the greatest earthquake in Tien
Shan in 2006.

It should be noted that the structure we described is not
the only one in Central Tien Shan. For example, a seis�
micity ring with similar dimensions and shape can be
identified southeast of Lake Issyk Kul between 77° and
79°Е (see Fig. 13). We pay so much attention to the ring
structure west of the lake because it was the most promi�
nent in the area of study (see below).

Figure 14 shows the distribution of earthquakes with
different energy classes over time in the area of the struc�
ture under study. One can see that the rate of events
became much higher in 2004–2007. It may be supposed
that most of this ring structure had formed before 2008.

The records of the KKAR station were used to investi�
gate the shear wave attenuation field in the area of study.
We used more than 130 records of crustal earthquakes in
the range of epicentral distance 320–700 km.

Figure 15 shows several records of earthquakes whose
epicenters were inside and at the boundary of the seismic�
ity ring. It can be seen that the amplitudes in the initial
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Fig. 5. Coda envelopes for different areas in the source
zone and its immediate environs. The coordinates of the
centers of the areas for which the overall envelopes were
constructed are shown. From top to bottom: (1) beyond
the volcanic front, (2 and the dashed line) the volcanic
front, (3) between the volcanic front and the ring, (4, 5) the
ring, (6, 7) inside the ring. The vertical line (here and in
Figs. 11 and 16) corresponds to the time at which the enve�
lopes were made to coincide.
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Fig. 9. Distribution of earthquake magnitudes over time in the ring structure area.
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part of the Lg coda show a much faster falloff for the epi�
center at the ring boundary.

Figure 16 illustrates the overall Lg coda envelopes con�
structed for a line that intersects the ring in the north–
south direction. It follows from this figure that the slope of
the early coda envelopes is much steeper for the zones at
the ring boundary compared with the inside area and
around the ring.

All values of effective Qs are divided into three levels
corresponding to high (Qs = 220–290), intermediate
(300–370), and low (390–1000 or greater) attenuation.

From the map in Fig. 17 it follows that most of the area
shows intermediate and high values of Qs. Upon this
background one can see a prominent anomaly of low Q
confined to the ring structure. The centers of high attenu�
ation zones are 0 to ~30 km distant from the ring bound�
ary. The attenuation field is inhomogeneous in the ring
area, as it is in Tibet, there being zones of intermediate Qs
as well. Inside the ring we mostly have low and partly
intermediate attenuation.

We note that all larger faults in the area of study trend
east–west (the dominant Tien Shan direction), similarly
to Tibet [Krestnikov et al., 1979]. It can thus be supposed
that the characteristics of the attenuation field are not
controlled by crustal faults in Central Tien Shan as well.

Figure 17 also shows the epicenters of the large
(M ≥ 6.0) earthquakes that have occurred in Western and
Central Tien Shan between 1885 and 2007. It appears
from this map that an east–west trending band of epicen�
ters passes along the northern boundary of Central Tien
Shan with two M ≥ 8.0 events (the 1889 Chilik and the
1911 Kemin earthquakes). There is a gap in the west�
ern part of the band between the epicenters of the
1885 magnitude 6.9 Belovodskoe and the 1938 mag�
nitude 6.9 Kemin earthquakes. It is important to note
that this gap contains the northern boundaries of the seis�
micity ring and of the high attenuation zone. This area has
not generated M > 6.5 earthquakes for about 500 years
[Kondorskaya and Shebalin, 1977; Krestnikov et al.,
1979]. Nevertheless, one can identify a zone of high den�
sity of paleoseismic ruptures capable of producing an
earthquake of this size, which probably occurred in the
15th century [Kondorskaya and Shebalin, 1977; Krestni�
kov et al., 1979]. On the other hand, no M > 6.5 earth�
quakes are known to have occurred in the southern part of
the ring structure (in the Naryn Basin) as can be con�
cluded from instrumental, historical, and paleoseismic
data [Kondorskaya and Shebalin, 1977; Krestnikov et al.,
1979].

DISCUSSION

Large ring structures of seismicity that took several
decades to form have been identified in the Sumatra area
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Fig. 11. Sample coda envelopes in the seismicity ring area.
From top to bottom: (1) southwest of the ring, (2, 4) the
ring, (3 and dashed line) inside the ring. The LSA station.
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and in Tibet. The formation of these structures, which
accelerated during the 7–10 years prior to great earth�
quakes, largely terminated a few years before these events.
A similar, but much smaller seismicity structure was iden�
tified in Central Tien Shan where no M > 6.5 earthquakes
have been recorded during the last several hundred years.

This study is the first to demonstrate that ring struc�
tures of seismicity have a corresponding high shear wave
attenuation in the uppermost mantle. We note that high
attenuation of short�period shear waves can occur when
an appreciable percentage of partially molten material or
fluids is present. However, there is no recent volcanism in
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Fig. 12. Map of the attenuation field for Tibet. Attenuation: (1) low, (2) intermediate, (3) high (squares denote WMQ data, circles
the LSA station), (4) epicenter of the Kunlun earthquake, (5) surface breakage due to the Kunlun earthquake, (6) seismicity ring,
(7) seismic stations.
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Fig. 14. Distribution of earthquake energy classes over time in the area of the ring structure.

all areas where we identified seismicity rings, which testi�
fies to considerable presence of fluids.

The attenuation in a seismicity ring in a subduction
zone (Sumatra I.) proved to be even higher than in a vol�
canic area. This testifies to considerable content of free
fluids in the mantle wedge and in the plunging oceanic

plate. This inference is also corroborated by the fact that
most of the larger, relatively deep aftershocks are confined
to the seismicity ring that formed prior to the Sumatra
earthquake. (The aftershocks may have been due to
embrittlement of upper mantle material due to dehydra�
tion [Nakajima and Hasegawa, 2006; Yamasaki and Seno,
2003].)
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We also note that the high attenuation band that
extends northwest corresponds to the position of the zone
that shows the greatest rate of crustal uplift between the
trench and the volcanic front that was observed before the
2004 earthquake [Simoes et al., 2004].

Judging from the available data, the zone of high
attenuation in the southeastern part of the seismicity
ring in the Sumatra area is nearly continuous in a band
~500 km long and ~70 km wide. The vertical extent of this
zone can be inferred from the greatest aftershock depths
of the Sumatra earthquake (h ~ 60 km).

At the same time, the subvertical fluid�rich zones in
the uppermost mantle identified in the areas considered
here most likely are discrete spots separated by rock vol�
umes with low concentrations of the liquid phase. The
horizontal extent of such spots is probably a few tens of
kilometers. Judging by the characteristics of local earth�
quake codas, high attenuation in the seismicity ring area
in Central Tien Shan is observed at depths of ~30–100 km
[Bakirov, 2006].

There is comparatively low attenuation inside the seis�
micity rings in all three areas (the values of Qs are gener�
ally much higher than immediately outside the rings).
One exception is the source zone of the Kunlun earth�
quake, along which (WMQ data) a narrow band of high
attenuation ~400 km long intersecting the seismicity ring
passes. The difference in the attenuation field in the east�
ern part of the source zone based on data from the two sta�
tions is probably due to the northward shift in the axis of
the high attenuation band relative to the fault zone that
accommodated the faulting of the Kunlun earthquake.

(The shift of rays due to travel in the uppermost mantle is
important here, see Fig. 1.)

The method we used to map lithospheric inhomoge�
neities does not yield any information on the attenuation
field in the crust. However, the seismic data that were pre�
viously obtained along with MTS evidence show that flu�
ids in tectonically active areas frequently form a continu�
ous network with connected pores in the lower crust
[Van’yan and Hyndman, 1996; Kopnichev and Sokolova,
2007]. If there is a passage from such a network to a similar
network in the upper mantle, this leads to stress concen�
tration in highs of the top of the two�phase layer owing to
a great difference in the densities of the fluid and the host
rocks [Velikhov et al., 2005; Gold and Soter, 1984]. (It is
of interest that in this situation the horizontal distance
between the “roots” of the two�phase layer in the upper
mantle and those in the lower crust is immaterial [Gold
and Soter, 1984.) When the two�phase layer is thick
enough, its top experiences hydraulic fracture and the
fluid rises still higher [Gold and Soter, 1984]. This helps
explain the correlation between seismicity characteristics
and shear wave attenuation in the areas of ring structures.
We note that fluid ascent from the upper mantle is ener�
getically favorable, because it ultimately leads to a
decrease of the Earth’s potential energy.

As to the factors that favor fluid concentration in the
upper mantle in the areas of rings, we suggest the follow�
ing hypothesis. The low attenuation inside the ring struc�
tures makes one think that such locations contain rela�
tively rigid blocks with low concentrations of free fluids.
There must be stress concentration at the boundaries of
such blocks leading, in particular, to the generation of
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Fig. 15. Sample seismograms of earthquakes recorded by KKAR. Top trace is for an epicenter inside the ring (41.67°N, 75.35°E,
h = 10 km, Δ = 444 km). Bottom trace is for an epicenter in the ring area (42.56°N, 75.28°E, h = 5 km, Δ = 380 km).
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highly permeable crustal zones [Kocharyan and Spivak,
2003]. In recent years some experimental evidence
appeared to show that shear stresses can lead to consider�
able rearrangement of the fluid field, with the result that
fluid that was originally concentrated in the form of iso�
lated bubbles at corners of grains forms a connected net�
work that propagates along their faces [Hier�Majumder
and Kohlstedt, 2006; Takei, 2005]. This must lead to the
gradual generation of fluid “domains,” i.e., vertical chan�
nels filled with the liquid phase. As mentioned above, if a
domain has a sufficient vertical extent, the domain pene�
trates beyond the top of the two�phase layer and begins to
rise; this is also favored by relatively high rock permeabil�
ity [Kocharyan and Spivak, 2003].

These results are of importance for seismic zonation
and intermediate�term earthquake prediction. The rea�
son for this is that the analysis of seismicity alone can lead
to detection of “spurious” rings that are actually unrelated
to the precursory processes of large earthquakes (similarly
to spurious quiescent zones [Rong et al., 2003]). At the
same time, combined use of data on inhomogeneities in
the attenuation field will allow a more reliable identifica�
tion of actual ring structures.

Of special importance is the identification of a ring
structure in Central Tien Shan. Comparison with previ�
ous data shows that this structure occurs in the northern
part of the high attenuation band in the lower crust and
upper mantle identified by the analysis of records of deep�
focus Hindu Kush earthquakes and the codas of local
earthquakes [Bakirov, 2006; Kopnichev and Sokolova,
2007]. Active geodynamic processes are occurring there
that seem to be related to the precursory process of a large
earthquake [Kopnichev et al., 2004, 2006; Kopnichev
and Sokolova, 2007]. It is of interest that, similarly to

Sumatra and Tibet, there is a rapid growth in the average
rate of seismotectonic strain in Central Tien Shan during
recent years. In this connection, as pointed out previously
[Kopnichev et al., 2004, 2006; Kopnichev and Sokolova,
2007], work should be carried out in this area to maintain
the continuous monitoring of various geophysical and
geochemical parameters for the purpose of short�term
prediction of a large seismic event.

CONCLUSIONS

(1) It was shown that ring structures consisting of the
epicenters of M ≥ 5.5 events took several decades to form
before two great earthquakes, viz., the December 26, 2004
Sumatra and the November 14, 2001 Kunlun earth�
quakes.

(2) It was found that the ring structures correspond to
relatively high attenuation of short period shear waves in
the upper mantle. The absence of recent volcanism in the
areas of the rings shows that this effect is related to a high
concentration of free fluids.

(3) We have identified a ring structure of seismicity in
Central Tien Shan that also corresponds to higher attenu�
ation of shear waves. It is hypothesized that the structure
is related to the precursory process of a large earthquake in
an anomalous zone in North Tien Shan where no large
(M > 6.5) events have occurred during the last several
hundred years.
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