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INTRODUCTION

The Chuya earthquake with 

 

M

 

s

 

 = 7.5 happened on
September 27, 2003, and was the strongest in the south-
eastern Gorny Altai over the entire period of instrumen-
tal seismological observations (Fig. 1A). In contrast to
the Mongolian and Gobi Altai, well known for cata-
strophic earthquakes [20, 24], only two strong seismic
events have been recorded in the Gorny Altai and its
nearest framework [12, 24]: September 21, 1923, with
M = 6 and June 14, 1990, with M = 6.6–6.9.

The epicentral domain of the former earthquake was
not visited by specialists, and its exact location remains
unknown. The hypocenter of the main shock of the second
earthquake was located at a depth of 35–40 km, and the
surface deformations were weak. Only small fractures,
fallouts of mud and water-saturated sand from fissures and
gryphons, and small landslides were noted [24].

The Chuya earthquake is unique in comparison with
the earthquakes mentioned above. First, its epicenter

was located in the center of the local network of stations
developed by the Geophysical Survey of the Siberian
Division, Russian Academy of Sciences, in August
2002, a circumstance that allowed the seismic process
in the epicentral domain to be studied before and after
the Chuya earthquake [6, 12]. Second, an extended
zone of seismotectonic deformations was formed as a
result of the earthquake. Third, a considerable segment
of this zone is accessible to detailed field examination
[2–4, 10].

The results of the field reconnaissance of the epicen-
tral domain of the Chuya earthquake were published
first by Geodakov et al. [4]; these researchers traced the
NWN-trending system of surface seismotectonic faults
for a distance of 20 km. Our investigations carried out
in May 2004, have shown that the seismic faults are
traceable for more than 30 km [30]. In July 2004,
Vysotsky et al. [3] expanded the study area and estab-
lished that the zone of surface deformations extends for
more than 56 km and its width locally reaches a kilometer.
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Abstract

 

—The seismotectonic deformations related to the Chuya earthquake September 27, 2003 in the Gorny
Altai (

 

M

 

s

 

 = 7.5) are studied in detail. These deformations developed as advanced systems of R- and R'-shears,
gash fractures, and compression structural features in loose sediments. In bedrocks, the older shear zones
were reactivated, the previously existing fractures were renewed and propagated further, and new faults and
crush zones were formed. The system of seismic dislocations is a fault zone no less than 4 km wide that extends
in the northwestern direction. As follows from the structural elements that reveal a systematic mutual orienta-
tion, the internal structure of this zone is typical of a right-lateral strike-slip fault. The initial stress field that led
to the development of the entire assemblage of seismotectonic deformations related to the Chuya earthquake
corresponds to the strike-slip type with the NNW, almost meridional direction of compression axis (

 

σ

 

1

 

) and the
ENE, almost latitudinal direction of the tension axis (

 

σ

 

3

 

). The local variations of the stress state were
expressed in an insignificant shift of 

 

σ

 

1

 

 to the northwest or northeast, in the short-term change of relative stress
values with retention of their spatial orientation, and in the increasing inclination of 

 

σ

 

1

 

 in front of the previously
existing fault. The comparison of the internal structure of the seismotectonic fault zone with a tectonophysical
model of faulting in large continental systems with a right-lateral offset indicates that the distribution of the
advanced faults corresponds to the late stage of faulting, when the main fault is still not formed completely, but
its particular segments are already developed distinctly. It is shown that at high rates of displacement the struc-
tural features in markedly different rocks develop according to the general laws of solids’ deformation even near
the day surface.

 

DOI: 

 

10.1134/S0016852106030058



 

GEOTECTONICS

 

      

 

Vol. 40

 

        

 

No. 3

 

      

 

2006

 

SEISMOTECTONIC DEFORMATIONS AND STRESS FIELDS IN THE FAULT ZONE 209

   

So
ut

h 
C

hu
ya

 R
an

ge
So

ut
h 

C
hu

ya
 R

an
ge

So
ut

h 
C

hu
ya

 R
an

ge

N
or

th
 C

hu
ya

 R
an

ge
N

or
th

 C
hu

ya
 R

an
ge

N
or

th
 C

hu
ya

 R
an

ge

C
hu

ya
C

hu
ya

C
hu

ya

B
as

in
B

as
in

B
as

in

K
ur

ai
K

ur
ai

K
ur

ai
B

as
in

B
as

in
B

as
in

C
ha

ga
n-

U
zu

n
C

ha
ga

n-
U

zu
n

C
ha

ga
n-

U
zu

n

B
lo

ck
B

lo
ck

B
lo

ck

K
ur

ai
 R

an
ge

K
ur

ai
 R

an
ge

K
ur

ai
 R

an
ge

Ta
ltu

ra
 R

iv
er

 v
al

le
y

Ta
ltu

ra
 R

iv
er

 v
al

le
y

Ta
ltu

ra
 R

iv
er

 v
al

le
y

 

2

4

1

3

88

 

°

 

24

 

′

 

88

 

°

 

00

 

′

 

87

 

°

 

36

 

′

 

E

88

 

°

 

24

 

′

 

88

 

°

 

00

 

′

 

87

 

°

 

36

 

′

 

50

 

°

 

12

 

′

 

50

 

°

 

00

 

′

 

49

 

°

 

48

 

′

 

50

 

°

 

12

 

′

 

50

 

°

 

00

 

′

 

49

 

°

 

48

 

′

 

N

20
03

.1
1.

17
01

:3
5

Z
 =

 1
9.

74

20
03

.0
9.

27
18

:5
2

Z
 =

 1
1.

95
20

03
.1

0.
23

03
:5

4

20
03

.1
0.

07
13

:5
8

Z
 =

 8
.5

2

20
03

.1
0.

15
00

:1
2

Z
 =

 4
.8

2

20
03

.1
0.

07
09

:3
9

Z
 =

 1
1.

68

20
03

.1
0.

17
12

:3
6

Z
 =

 6
.6

8

20
03

.1
0.

17
05

:3
0

Z
 =

 6
.5

9

20
03

.1
0.

01
01

:0
3

Z
 =

 7
.1

4 20
03

.1
0.

22
21

:1
2

Z
 =

 1
4.

94
20

03
.0

9.
27

20
:3

0
Z

 =
 5

.3
8

20
03

.0
9.

27
11

:3
3

Z
 =

 8
.7

6

20
03

.1
0.

06
05

:1
1

Z
 =

 7
.0

0

20
03

.1
0.

17
08

:1
8

Z
 =

 4
.6

4

20
03

.1
0.

22
14

:5
9

Z
 =

 9
.8

0

20
03

.1
0.

23
00

:2
5

Z
 =

 3
.4

3

A
ft

er
sh

oc
ks

 o
f 

th
e 

C
hu

ya
 e

ar
th

qu
ak

e

O
cc

ur
re

nc
es

 o
f 

se
is

m
ot

ec
to

ni
c 

de
fo

rm
at

io
ns

T
he

 m
ai

n 
sh

oc
k 

an
d 

th
e 

st
ro

ng
es

t a
ft

er
sh

oc
ks

E
ve

nt
s 

ch
ar

ac
te

ri
ze

d 
by

 s
ou

rc
e

m
ec

ha
ni

sm
s

Se
pt

em
be

r 
1–

27
, 2

00
3,

 1
1:

33
:2

4.
08

, K
 =

 1
7.

0
Se

pt
em

be
r 

2–
27

, 2
00

3,
 1

8:
53

:5
1.

07
, K

 =
 1

6.
6

Se
pt

em
be

r 
3–

27
, 2

00
3,

 2
0:

30
:2

5.
40

, K
 =

 1
5.

9
O

ct
ob

er
 4

–1
, 2

00
3,

 0
1:

03
:2

6.
00

, K
 =

 1
6.

4
K

 is
 th

e 
en

er
ge

tic
 c

la
ss

.
Fa

ul
ts

 id
en

tif
ie

d 
fr

om
 m

or
ph

ot
ec

to
ni

c
an

al
ys

is

 

50
.0

02
°

49
.9

15
°

87
.9

26
°

88
.1

40
°

 

N

 

0
5

10
 k

m

 

 K
us

ku
nn

ur
 R

.

Chagan R.

Ye
la

ng
as

h 
R.

 

B
el

’t
ir

 S
et

tl.

 

Ta
ltu

ra
 R

.

 

B

 

a
b

c

 

02
06

06
01

 

O
bs

er
va

tio
n 

po
in

ts
 in

 (
a)

 lo
os

e 
se

di
m

en
ts

, (
b)

 b
ed

ro
ck

s,
 a

nd
 

(c
) 

bo
th

 ty
pe

s 
of

 r
oc

ks

O
bs

er
va

tio
n 

po
in

t n
um

be
r

 

05
02

05
02

‡

05
03

05
04

04
01

04
01

‡

05
00

05
01

05
01

‡
05

01
b

03
03

03
02

a

03
02

03
01

04
01

b 04
02 04

02
a

03
01

a

03
01

b
02

04 02
05

02
04

a

03
04

01
01

02
03

02
06 02

01
a

02
01

02
02

02
02

a

06
02

06
03

01
02

01
03

 

A

N

E

 

F
ig

. 1
.

 

 T
he

 e
pi

ce
nt

ra
l d

om
ai

n 
of

 th
e 

C
hu

ya
 e

ar
th

qu
ak

e 
an

d 
th

e 
ar

ea
 o

f 
de

ta
ile

d 
ge

ol
og

ic
al

–s
tr

uc
tu

ra
l a

nd
 te

ct
on

op
hy

si
ca

l i
nv

es
tig

at
io

ns
. (

A
) 

T
he

 s
tr

on
ge

st
 s

ei
sm

ic
 e

ve
nt

s 
in

 S
ep

-
te

m
be

r a
nd

 O
ct

ob
er

 2
00

3,
 s

ur
fa

ce
 s

ei
sm

ot
ec

to
ni

c 
de

fo
rm

at
io

ns
 tr

ac
ea

bl
e 

fo
r a

 d
is

ta
nc

e 
of

 5
6 

km
, a

nd
 s

ou
rc

e 
m

ec
ha

ni
sm

s 
of

 th
e 

m
ai

n 
sh

oc
ks

 a
nd

 a
ft

er
sh

oc
ks

. T
he

 d
at

a 
on

 e
pi

ce
nt

er
lo

ca
tio

n,
 s

ou
rc

e 
de

pt
h 

(Z
),

 a
nd

 s
ou

rc
e 

m
ec

ha
ni

sm
s 

w
er

e 
ob

ta
in

ed
 b

y 
th

e 
G

eo
ph

ys
ic

al
 S

ur
ve

y,
 S

ib
er

ia
n 

D
iv

is
io

n,
 R

us
si

an
 A

ca
de

m
y 

of
 S

ci
en

ce
s.

 T
he

 a
re

a 
of

 d
et

ai
le

d 
in

ve
st

ig
at

io
ns

sh
ow

n 
in

 p
an

el
 B

 is
 c

on
to

ur
ed

 b
y 

a 
da

sh
ed

 li
ne

. (
B

) 
L

oc
at

io
n 

of
 o

bs
er

va
tio

n 
po

in
ts

 a
nd

 th
ei

r 
nu

m
be

rs
.



 

210

 

GEOTECTONICS

 

      

 

Vol. 40

 

       

 

No. 3

 

      

 

2006

 

LUNINA et al.

 

In our investigation, the traditional seismogeologi-
cal observations were supplemented by tectonophysical
analysis that allowed us (1) to study the internal struc-
ture of the newly formed zone of seismotectonic faults
in terms of the laws of deformation of solids, (2) to
establish the relationships between the previously exist-
ing and newly formed fault systems, and (3) to recon-
struct the stress fields associated with seismic events of
2003. The solution of these problems not only contrib-
utes to the regional tectonics of the Gorny Altai but also
provides insights into the general evolution of seismotec-
tonic deformations and confirms the tectonophysical
model of faulting within continental fault zones.

REGIONAL TECTONICS: A BRIEF OVERVIEW

The Gorny Altai within the borders of the Russian
Federation is regarded either as the western branch of
the Altai–Sayan Fold System and/or as the northern
extension of the Mongolian and Gobi Altai [4, 12, 13].
All these mountainous systems are constituents of the
Central Asian Mobile Belt. The southeastern Gorny
Altai comprises the Kurai, Aigulak, North Chuya,
South Chuya, and Chikhachev mountain ranges and the
Ukok and Sailyugem plateaus divided by the Sorulukol,
Kurai, Chuya, Samakha, Tarkhatty, and Bertek river
valleys and intermontane basins. The elevation marks
are at a height of 2000 m asl. The floors of depressions
subside lower, while the crests of mountain ranges are
often higher than 3500 m.

According to the current knowledge, the Earth’s
crust in the Altai region is broken into numerous blocks
and experiences predominant compression in the
NNE–SSW, N–S, and NNW–SSE directions [8, 9,
12, 17]. These directions are consistent with the orien-
tation of horizontal displacements established from
GPS geodetic data [15]. However, the relatively steady
orientation of the axes of maximal shortening is com-
bined with the complicate mosaic seismotectonic
deformation field deduced from mechanisms of earth-
quake sources. As a result, the orientation of the princi-
pal axes of deformation and its intensity in particular
blocks are variable [9]. The local shearing and extensional
deformation are also rather abundant against the back-
ground of prevalent compression [17]. Most researchers
suggest that the recent tectonic evolution of the region
under study was controlled by collision of the Indian and
Eurasian plates that gave rise to the offsets along the
master strike-slip faults of the Altai [1, 12, 15, 22, 25].

The seismic events in September and October 2003
occurred in the southeastern Altai at the junction of the
North and South Chuya ranges with the Kurai–Chuya
system of intermontane basins. The main shock in a
sequence of earthquakes was localized between the
North Chuya and Chagan-Uzun blocks (Fig. 1A) that
divide the Kurai–Chuya system into the two depres-
sions underlain by the Paleozoic basement and filled
with Cenozoic sediments. The fault pattern of the
southeastern Altai was studied largely by seismogeo-

logical and geomorphic methods [7, 12, 13, 28]. The
main faults extend in the NW direction. The near-latitu-
dinal fault that separates the North Chuya and South
Chuya neotectonic blocks is expressed in topography as
the Taltura River valley (Fig. 1A). The NE-trending
faults are second in importance. In the opinion of most
researchers, the deep-rooted latitudinal and northwest-
ern faults are the main features that control seismic
events, although the faults of other orientations also
bear indications of the Pleistocene and Holocene reac-
tivation. The paleoseismic faults typical of earthquakes
with magnitudes reaching 7.5 or even higher were
noted in the Kurai–Chuya system of basins and at the
adjacent territory [13, 28].

RESEARCH METHODS

A network of points of geological–structural and
tectonophysical observations was developed over the
area about 30 km in extent from the Yelangash River to
the Kuskunnur River in order to study the internal struc-
ture of the fault zone and stress fields in the epicentral
domain of the Chuya earthquake (Fig. 1B). This is an
area of intensely dissected topography at the western
closure of the Chuya Basin, where a system of seismo-
tectonic faults is clearly expressed at the surface, while
crossing valleys and drainage divides. The valleys and
partial divides are covered by middle and upper Pleis-
tocene and Holocene boulders, pebbles, sandy clay, and
sand. The bedrocks are mainly represented by the
Devonian crystalline schists that crop out at walls of
streams and at mountain summits. The field examina-
tion at an observation point (OP) included description,
photography, and measurements of the spatial parame-
ters (dip and/or strike azimuths and dip angle) and kine-
matic parameters (slickenside striation, marker offsets)
of seismotectonic faults and associated structural fea-
tures in loose sediments and at rocky outcrops. Special
attention was paid to the crush zones, foliation, fractur-
ing, and relationships between the faults that were
formed during the Chuya earthquake and had existed
previously. The data obtained were used to map and
thoroughly distinguish the internal structure of the seis-
motectonic fault zone and the network of older faults.

The mass measurements of fracturing were per-
formed at 21 of 36 observation points. The results have
been represented as diagrams assigned for revealing the
conjugated fracture systems with the Nikolaev method
[11] and for particular solutions of stress fields. The
axes of principal normal stresses were reconstructed on
the basis of the following relationships: (i) the line of
intersection of two conjugated shear planes coincides
with the intermediate stress vector (

 

σ

 

2

 

), (ii) the axis of
principal compressive stress (

 

σ

 

1

 

) is a bisector of the
acute angle between the fractures, and (iii) the axis of
principal tensile stress (

 

σ

 

3

 

) is a bisector of the obtuse
angle [5]. In OP 0301, where the slickenside striation
determines the displacement unequivocally by the off-
set of markers, the stress field was reconstructed addi-
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tionally with the kinematic method [32] substantiated
by Angelier [19]. The obtained particular fault-plane
solutions characterize local variations of the stress state
in the seismotectonic fault zone.

The reconstruction of the general regional stress
field, which initiated the Chuya earthquake and gave
rise to the formation of the entire structural assemblage
of deformations, is based on the results of the complex
analysis, which include internal structural features of
the seismotectonic fault zone, measured offsets, and
spatial patterns of fracturing and slickenside striation.

RESULTS

 

Seismotectonic Deformations in Loose Sediments

 

The seismotectonic deformations in loose sediments
are sufficiently evident and comprise the following
structural features:

(1) systems of advanced shears known as R- and
R'-shears (Fig. 2),

(2) gash fractures (Fig. 3A), and

(3) compressive features (Figs. 3B, 3C).

The advanced fractures appear and develop within a
fault zone before the appearance of the main fault plane
[14, p. 9]. Riedel shears (R- and R'-shears) are the most
abundant fractures of this type.

As follows from the distribution of seismotectonic
structural elements (Fig. 4A), the NW-trending disloca-
tions (280

 

°

 

–350

 

°

 

 NW) are predominant; the distinct max-
imum (290

 

°

 

–330

 

°

 

 NW) corresponds to the R-shears. The
R'-shears are not expressed so distinctly and extend
along an azimuth of 350

 

°

 

 NW–30

 

°

 

 NE. The shear frac-
tures are characterized by opening that varies from a few
centimeters to a few meters, often as a result of gravita-
tional effects. The horizontal displacements are recorded
reliably in offsets of fracture walls (Figs. 5A–5C, 5F).
The rose diagrams of shear fractures with various direc-
tions of slip show that the NW- and WNW-trending
fractures are characterized by right-lateral offsets
(Fig. 4B), whereas the NE- and NNE-trending shears
are characterized by left-lateral offsets (Fig. 4C). The
maximal right-lateral strike-slip offset (2.5 m) was
measured at OP 0402 along the fracture striking

 

290°

 

 WNW. The maximal left-lateral offsets (0.2 m)
were noted at OPs 0601 and 0603 along the fractures
striking 10

 

°

 

 and 

 

25°

 

 NNE. The vertical displacements
are observed less frequently. The greatest normal sepa-
rations (1 m at OP 0402) are typical of the NW-trending
fractures, while the greatest reverse separations are
characteristic of the fractures oriented in the ENE
direction. The visible depth of continuous fractures
reaches tens of meters to a few hundred meters, and
downward they are filled with debris. According to eye-
witnesses, speleologists descended to a depth of 50 m a
year after the earthquake.

The distribution of advanced fractures is character-
ized by pronounced differentiation. In some cases, we
deal with one or two distinct near-parallel fractures and
smaller cracks, the density of which is not great in com-
parison with other sites in the fault zone (Fig. 2B). Such
segments are complicated by separate transverse frac-
tures (Fig. 2C). The segments of this kind alternate with
areas of highly concentrated, en echelon arranged sys-
tems of advanced fractures (Fig. 2E). The structure of
the zone looks especially complex at intersections of R-
and R'-shears (Fig. 2D), where the offsets along frac-
tures of the same direction may be opposite. A seismic
landslide over an area of 

 

~1

 

 

 

×

 

 0.85

 

 km

 

2

 

 occurred at a
fault intersection on the right slope of the Taltura River
valley (Fig. 6). Two older landslides are situated
nearby, being located farther away from the tear-off
wall, thus indicating that catastrophic earthquakes in
the southeastern Altai also happened in the past.

The detailed consideration of the structure of
advanced fractures in loose sediments allowed us to
establish the dynamics and conditions of their propaga-
tion. First, they make up systems of short (<1 m) con-
jugated fractures of the lower hierarchical level
(Fig. 5A). The opposite displacements along these frac-
tures resulted in the formation of rhomb-shaped blocks
(Fig. 5B) and pull-apart structural features (Fig. 5C). In
turn, these phenomena have determined the general
sinusoidal pattern of advancing fractures of various
extents and probably mirror propagation of seismic
vibrations (variations of direction and amplitude of
seismic waves) in the elastic medium. Second, some
facts (Figs. 5D–5F) testify that, despite numerous
inclusions of hard rocks and tree stumps, the medium
reacted to the dynamic impact in the process of faulting
as a homogeneous body.

The gash fractures commonly located at tips of
R-shears are represented by trenches 2–7 m wide
(Fig. 3A). The compressive structural features are
expressed largely as swells and hillocks (Fig. 3B)
12

 

−

 

15 m long. Their extent may increase on slopes.
Folds were observed at OP 0601 (Fig. 3C). In spite of
the seismogravitational origin of the folds, the coincid-
ing generalized orientation of their hinges (

 

80°

 

 ENE)
and the WNW-trending right-lateral strike-slip fault
that is traceable nearby indicate that the folds and frac-
tures were formed in the common field of stress. The
gash fractures and compressive features are perpendicu-
lar to one another (340

 

°

 

–350

 

°

 

 NNW and 70

 

°

 

–90

 

°

 

 ENE,
respectively), as seen in Figs. 3D and 3E.

The systematic mutual orientation of deformational
features in loose sediments shows that the internal
structure of the NW-trending deformational zone that
was formed during the Chuya earthquake is typical of
the right-lateral strike-slip fault.



 

212

 

GEOTECTONICS

 

      

 

Vol. 40

 

       

 

No. 3

 

      

 

2006

 

LUNINA et al.

 

Seismotectonic Deformations in Bedrocks

 

The explicit seismotectonic deformations related to
the Chuya earthquake were observed in bedrocks at
OPs 0203, 0204a, 0205, 0301, 0301a, 0501, 0502a,
0503, and 0504 and are expressed in the following:

(1) reactivation (opening) of older shear zones and
rejuvenation of particular fractures with offsets reach-
ing a few decimeters (Figs. 7A, 7B),

(2) growth of previously existing steeply dipping
fractures (Fig. 7C), and

 

Right-lateral
offset

 

SE

 

R'-shear

Gash
fracture

R-shear

Compression
swell

 

NW

NW S

 

A

C

B

D

 

NW

 

E

 

Fig. 2.

 

 Seismotectonic strike-slip faults in the Pleistocene and Holocene sediments. (A) General view of the large fault at the drain-
age divide of the Taltura and Kuskunnur rivers, (B) near-parallel faults at OP 0402, (C) transverse fault that connects two near-par-
allel dislocations at OP 0402 (close-up of panel B), (D) intersection of faults at OP 0202, and (E) en echelon arranged fracture sys-
tem at the drainage divide of the Taltura and Kuskunnur rivers.
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(3) formation of new faults and crush zones
(Figs. 7D–7F).

The NW-trending and near-latitudinal older thick
fault zones are the most favorable for reactivation. The
more broken the crystalline massif, the greater the body
involved in deformation by means of low-amplitude
displacements along short (<2 m) fractures. A striking
example of such seismotectonic deformations was
observed at OP 0301 in the fault zone no less than 80–
100 m thick that extends along the Taltura River (the
dip azimuth is 355

 

°

 

–0

 

°

 

 N and the dip angle is 80

 

°

 

–85

 

°

 

).
In the less disturbed rocky outcrops, the seismotectonic
fissures with a gap of 0.1–0.3 m were formed along the
sealed shear zones. The continuous fissures are traced
through the bedrock and extend into the loose sedi-
ments (Fig. 7A). The small rejuvenated and newly
formed fractures are arranged en echelon relative to the
master faults, thereby indicating the right-lateral offset
(Fig. 7B).

The obvious indications of fast propagation of previ-
ously existing steeply dipping fractures were observed at
OP 0504 (Fig. 7C) on the right bank of the Kuskunnur
River. The zones of rough crushing 0.2–3.0 m thick that
dip along an azimuth of 20

 

°

 

–30

 

°

 

 NNE at an angle of
80

 

°

 

–85

 

°

 

 (Fig. 7D) and 110

 

°

 

 NE at angles 75

 

°

 

–80

 

°

 

 were
formed here in slightly fractured, almost monolithic
crystalline schists with a “welded” near-horizontal
schistosity and sporadic near-vertical fractures.

The distinct seismotectonic faults varying from tens
of meters to a few hundred meters have been docu-
mented on the northwestern slope and at the top of
Mount Nomodokl at OPs 0502a and 0503 (Figs. 7E, 7F).
Here, the variously oriented dislocations make up a
complex cluster of faults. Both right- and left-lateral
offsets are observed along particular segments of the
large NW-trending faults. The same situation is also
typical of the NE-trending faults. The opposite offsets
along the faults of the same direction are probably
caused by a different velocity of motions of blocks that
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Fig. 3.

 

 Seismotectonic deformations in the Pleistocene and Holocene sediments that complicate large strike-slip faults. (A) Gash
fracture in combination with an advanced shear fracture at OP 0401b, (B) compression swell between Ops 0401b and 0402, and
(C) folds at OP 0601.
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were formed in this fault cluster during the Chuya
earthquake.

The predominant strike of the documented seismo-
tectonic faults that cut the exposed bedrocks is 300°–
320° WNW (Fig. 4F). The rejuvenated faults striking
along azimuths of 330°–340° NW, 20°–30° NNE, and
80°–110° E are also noted. On the whole, the orienta-
tion, kinematic characteristics, and mutual relations of
seismic dislocations observed in bedrocks are similar to
those observed in loose sediments.

Relationships between the Previously Existing 
and Newly Formed Fault Systems

To estimate the degree of inheritance of the older
structure by the seismotectonic faults related to the
Chuya earthquake, we compiled two schemes of the
fault pattern of the study area. The first scheme demon-
strates the zones of crushing, schistosity, and fracturing
that were documented in the pre-Cenozoic bedrocks.
This scheme exhibits the fault network that existed
before the Chuya earthquake (Fig. 8A). This pattern is
characterized by the NW-trending and near-latitudinal
master faults with fault zones more than 5 m thick and
the auxiliary NNE-trending faults with fault zones less
than 5 m thick. In the central part of the area, the most
extended master faults intersect one another, thus mak-
ing up a large node. As judged from the character of
crushing and fracturing, the tectonic lines initially were
strike-slip faults; however, their geometric relationship
does not allow these faults to be regarded as conjugated
dislocations. It is most likely that they developed as
independent structural features, and each of them could

have generated significant seismic events. This sugges-
tion is supported by the tectonic model proposed by

engör et al. [30]. According to this model, the strike-
slip faults of various directions were of crucial impor-
tance during the entire Paleozoic evolution of Asia. In
the Gorny Altai, such a tectonic style remained in the
Cenozoic. The NW- and NNE-trending faults in the
study area could have developed contemporaneously in
the Neogene and Quaternary and have retained their
activity to date as conjugated strike-slip faults formed
under near-meridional compression and near-latitudi-
nal extension.

The second scheme based on the entire data set con-
cerning the studied seismotectonic deformations dem-
onstrates the internal structure of the NW-trending fault
zone that formed as a result of the Chuya earthquake
(Fig. 8B). This scheme bears information on the kine-
matics of fractures and the most significant displace-
ments measured during the field work. The most
extended systems of advanced R-type fractures and the
most significant (by both length and width) fracture
zones of the R'-type are designated in the scheme as the
main seismotectonic faults. Figure 9B is a summary of
all internal structural features described above. Above
all, the nonuniform distribution of the advanced frac-
tures should be pointed out. They are expressed as sep-
arate large dislocations in some cases and as en echelon
arranged systems of small fractures in other cases. In
general, the combination of all types of the newly
formed structures is a common assemblage that con-
sists of the NW- and NNW-trending right-lateral strike
slip faults, occasionally with normal-fault or pull-apart
components; the NE- and NNE-trending left-lateral
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Fig. 4. Rose diagrams of the orientation of various structural elements in the fault zone. (A) Seismotectonic faults in loose sedi-
ments, (B) seismotectonic fractures with right-lateral offset, (C) seismotectonic fractures with left-lateral offset, (D) extension frac-
tures, (E) long axes of compression swells, and (F) large seismotectonic faults that dissect bedrock outcrops. N is the number of
measurements. Window of averaging is 10°.
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Fig. 5. Close-ups of seismotectonic faults in loose sediments. (A) Fault that consists of separate small fractures, (B) rhomb-shaped
blocks, (C) structural features of the pull-apart type, (D) seismotectonic fault in loose sediments that splits a boulder more than 3 m in
size, (E) fractures that cut pebbles and soil in the same direction, and (F) right-lateral offset of a stump along the near-meridional
fault close to the intersection of several seismotectonic faults; an offset is untypical of the general structural situation.
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Fig. 6.

 

 Seismic landslide formed during the Chuya earthquake in the Taltura River valley. (A) General view, (B) back portion of
seismic landslide, (C) tear-off wall in back portion, (D) fracture systems that break landslide into blocks, and (E) older and newly
formed landslides. The main faults are indicated in the photographs with dashed lines and arrows.
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 Seismotectonic deformations (denoted by arrows) in bedrocks related to the Chuya earthquake. (A) Reactivation (opening)
of an older shear zone (dip azimuth is 30
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 (210
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); dip angle is 85
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–88

 

°

 

) at OP 0205, (B) newly formed and rejuvenated fractures
that are en echelon arranged relative to the main right-lateral fault plane (close-up of panel A), (C) signs of fast propagation of the
previously existing steeply dipping fractures at OP 0504, (D) zone of rough crushing that was formed during the earthquake at
OP 0504, and (E, F) intersections of seismotectonic faults that formed during the Chuya earthquake at the top of Mount Nomodokl
at OP 0503.
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 Fault pattern of the studied area. (A) Network of faults that existed before the Chuya earthquake and (B) internal structure
of the fault zone formed during the Chuya earthquake.
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strike-slip faults; and the near-latitudinal reverse faults,
occasionally with an insignificant strike-slip compo-
nent.

A comparison of the previously existing and newly
formed fault and fracture networks (Fig. 8) shows that
the system of seismic dislocations of the Chuya earth-
quake inherits the older structure to a certain extent.
The long, NW- and WNW-trending faults cut open the
older shear zones (Fig. 7A). The shorter and en echelon
arranged fracture systems are often oriented at an angle
to the latter. We suggest that the NW-trending faults
mapped in the older rocks are fragments of the large
pre-Cenozoic fault zone. Its particular segments proba-
bly are currently active as depicted in Fig. 1A, where a
series of the NW-trending faults is shown to bound the
southwestern wall of the Kurai–Chuya system of
basins. The near-latitudinal fault along the Taltura
River was reactivated during the Chuya earthquake
much more weakly. While forming a system that
extends as a southward convex arc, the seismotectonic
faults of this direction were reactivated and formed
anew farther south.

 

Analysis of Diagrams of Fracturing and Stress Fields

 

Diagrams of mass measurements of fracture orien-
tation show that the systems that correspond to R- and
R'-shears in the NW-trending right-lateral strike-slip
fault zone are most pronounced in loose sediments
(Fig. 9A) except for some particular cases. As a rule,
the NW-, NNW-, NE-, and NNE-trending maximums
of fracturing correspond to R- and R'-shears. These
shears are also clearly expressed in bedrocks that are
cut by the older NW-trending faults or that remain only
weakly broken (Fig. 9B, OPs 0203, 0205, 0206, 0302,
0501, 0503, 0504). The structural patterns displayed in
diagrams are often similar to the fracturing patterns in
loose sediments (Fig. 9B, OPs 0205, 0302, 0501,
0504). In the near-latitudinal fault zones, R-shears
(Fig. 9B, OPs 0402, 0102), R'-shears (Fig. 9B, OPs
0502, 0204), or both (Fig. 9B, OP 0301) are often
obscured. In general, as judged from the diagrams of
mass measurements (Figs. 9A, 9B) and the synoptic
diagrams of fracturing maximums (Fig. 9C), most
R-shears and the master seismotectonic fault dip at an
angle of 

 

80°

 

 to the NNE.

During analysis of the diagrams of fracturing with
the Nikolaev method [11], one pair or, less frequently,
two pairs of conjugated fracture systems may be distin-
guished (Figs. 9A, 9B); no conjugated fractures were
observed at OP 0502 (Fig. 9B). The reconstruction of
stress fields shows that the solutions obtained for loose
sediments and bedrocks are very similar (Figs. 9A, 9B).
Most of these stress fields correspond to the strike-slip
type. Compressive vector 

 

σ
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 and tensile vector 

 

σ

 

3

 

 have
an inclination of 0

 

°

 

–30

 

°

 

, while the intermediate vector 

 

σ

 

2

 

has an inclination of 61
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–90

 

°

 

. Compressive vector 

 

σ

 

1

 

declines largely in the NNW–SSE and N–S directions,

while tensile vector 

 

σ

 

3

 

 declines in the near-latitudinal
direction. At OPs 0103, 0401 (Fig. 9A), and 0205
(Fig. 9B), the axes of tension and compression change
places; i.e., 

 

σ

 

1

 

 declines in the near-latitudinal direction,
while 

 

σ

 

3

 

 declines in the near-longitudinal direction.
Such variations of the stress state have been pointed out
previously in studies of fault zones of different morpho-
genetic types and accounted for by a short-term change
of relative values of stresses along with retention of
their spatial orientation during fracturing within a rock
massif [14, 21]. In our study, two solutions with oppo-
site arrangement of 

 

σ

 

1

 

 and 

 

σ

 

3

 

 at OP 0401, 0205 have
been obtained from the analysis of seismotectonic frac-
tures that were formed anew and rejuvenated during
one sequence of seismic events. Thus, reorientation of
the principal stress axes may occur virtually instanta-
neously.

The type of stress field changes in some cases from
one massif to another or within the same massif only
owing to the increase in inclination of compressive axis
relative to the horizon. Hence, the solutions that fit ten-
sion combined with shear ((
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) 31
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) 31
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,
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) were obtained at OPs 0503, 0302, and
0204 (Fig. 9B); the solution that corresponds to pure
tension ((
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) 61
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, (
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) 0
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–30
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, (
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) 0
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) was
obtained at OP 0301 (Fig. 9B). At the same time, the
shear stress field with a similar near-latitudinal orienta-
tion of the tension axis has been restored with the kine-
matic method [32] (Fig. 9D). If it is kept in mind that
OP 0301 is located in the steeply dipping fault zone
traced along the Taltura River, it may be suggested that
the variations of stress field are caused by an effect of
the aforementioned structural feature.

Note that the changes in the type of stress field are
also observed in mechanisms of the sources of after-
shocks related to the 2003 Chuya earthquake. Reverse
and normal mechanisms are noted for most shears
(Fig. 1A). According to the seismologic and structural
geologic data, the compression axes often change their
direction from the meridional to the north-northwestern
or the north-northeastern directions.

In general, the internal structure of the fault zone
(orientation of R- and R'-shears, compressive and
extension structural features, see Figs. 4A, 4D–4F), the
measured offsets (Figs. 4B, 4C), diagrams of fracturing
(Figs. 9A–9C), and slickenside striation (Fig. 9D) tes-
tify to the initial shear stress field that eventually led to
the formation of the entire assemblage of seismotec-
tonic deformations related to the Chuya earthquake.
This field is characterized by the NNW, almost longitu-
dinal direction of 

 

σ

 

1

 

 and the ENE, almost latitudinal
direction of 

 

σ

 

3

 

. This solution is consistent with the
mechanism of the main shock of the seismic events on
September 27, 2003 (Fig. 1A; the Harvard catalog of
earthquakes, http://www.seismology.harvard.edu).
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DISCUSSION

In tectonophysics, the term fault zone is treated in a
broad sense because such zones include not only the
fault plane proper but also much greater bodies of rocks
that experience ductile deformation and brittle failure
genetically related to the faulting [14]. This definition is
based on the well-known works on faults and fault zones,
including shears and shear zones [16, 18, 27, 29, 31]. In
terms of such an approach, the fault zone as a volumet-
ric deformational element is characterized by an inter-
nal structure, i.e., by a set of structural features (ele-
ments) that determine the structure of the fault zone and
distinguish it from the adjacent space [14]. This set of
structural elements is described by the well-known
Riedel model. Our results indicate that the system of
seismotectonic fractures and other accompanying
deformations related to the Chuya earthquake is exactly
such a zone that extends in the NW direction. The set of
deformations within this fault zone is a structural
assemblage that formed in the dynamic setting corre-
sponding to the right-lateral strike-slip fault. The width
of the fault zone reaches 4 km, as determined by the
location of the outermost observation points that have
recorded the NW-trending seismotectonic fractures
(Fig. 8B).

As has been shown by experiments, the develop-
ment of fault zones that are localized in the homoge-
neous rock massif, loaded similarly along their strike,
and deformed at a constant rate nonetheless remains
inhomogeneous [14, 16]. This conclusion is also appli-
cable to natural, long-lived faults [14, 23, 26]. The main
object of this study is a shear zone that was formed vir-
tually instantaneously either over tens of seconds to a
few minutes if the main shock on September 27, 2003,
is considered or over 5 days if both the main shock with
Ms = 7.5 and the strongest aftershock with Ms = 7.0 that
happened on October 1, 2003, are considered (Ms is
given after the Harvard catalog of earthquakes). Never-
theless, the faulting in this case is nonuniform, prima-
rily as concerns the spatial distribution of fractures that
is reinforced by structural and compositional heteroge-
neity of the Earth’s crust. Further, the nonuniformity is
manifested in rearrangements of the regional stress
field in local segments of the fault zone, where σ1 and
σ3 change places or σ1 deviates from horizontal posi-
tion in front of the newly formed or already existing

fault. Such a local change of the initial dynamic setting
occurred largely near steeply dipping latitudinal faults
that hampered the relaxation of the accumulated com-
pressive stress acting in the meridional direction. As a
result, small strike-slip displacements (cuttings) and
occasional small gaps arose along these faults. The new
near-latitudinal seismotectonic faults of reverse charac-
ter were formed apart from the older faults of the same
directions.

According to the physical and structural criteria, the
development of the fault zone may be subdivided into
three main stages [14]: (1) the early stage of faulting
(appearance of the first R-shears); (2) the late stage of
faulting, when R-shears are merged into larger faults
accompanied by small normal and reverse faults; and
(3) the final stage of ultimate failure with formation of
the common main fault (Fig. 10). These stages are sep-
arated from one another by moments of structural rear-
rangement and appearance of the main fault plane.
Because the detailed study of the Yelangash–Kuskun-
nur segment has shown that the system of seismotec-
tonic deformations is a fault zone with all its typical
attributes, we compared the map of faults and fractures
(Fig. 8B) with a theoretical scheme of the formation of
internal structure within a strike-slip fault zone with a
right-lateral offset (Fig. 10). The comparison has shown
that the fault zone of the Chuya earthquake corresponds
to the late stage of the evolution when the main fault is
still not formed completely but its particular segments
are already outlined quite distinctly. According to the
curve σ = f(ε) shown in Fig. 10, the loaded body of the
Earth’s crust, where a system of seismic dislocations
has arisen, passed the elastic state with completely
reversible deformation (segment OA), strengthening
(segment AB), and the state of slackening (segment BC).
Point B corresponds to the moment of the main struc-
tural rearrangement after the appearance of the first
fractures. Thus, it may be said with confidence that the
faulting in different rock types follows the general laws
of deformation of solids even at the surface and at a
high rate of deformation. The seismic event on Septem-
ber 27, 2003, is a spectacular example of a fault-form-
ing earthquake that displays the current geodynamic
regime of the Gorny Altai. The study of the system of
seismotectonic deformations at the surface and in the
upper crust and the comparison of this system with a

Fig. 9. Diagrams of mass measurements of fractures and restored orientation of principal normal stresses. Projection on the upper
hemisphere. The window dimension is 10°. σ1 is the compression axis, σ2 is the intermediate axis, and σ3 is the tension axis.
(A) Diagrams of mass measurements of fractures in loose sediments and the respective stress-field solution at observation points.
Contour lines of the density of fracturing maximums are spaced at 3.5, 4.5, 5.5, 6.5% and more. Arrows inside the diagrams denote
preferential directions of scattering in maximums of fracturing that indicate conjugation fracture systems, after the Nikolaev method
[11]. The pairs of conjugated fracture systems are denoted by Roman numerals. The observation point numbers and numbers of
measurements (n) are placed under each diagram. (B) Diagrams of mass measurements of fractures in bedrocks and the respective
stress-field solution at observation points. Contour lines of density of fracturing maximums are spaced at 1.5, 2.5, 3.5, 4.5% and
more. See panel A for further explanation. (C) Synoptic diagram of maximums of fracturing constructed from the data presented in
panels A and B and the stress-field solution deduced from conjugated systems of R- and R'-shears. Contour lines of the density of
fracturing maximums are spaced at 1.5, 2.5, and 3.5%. (D) Stress-field solution for OP 0301 deduced from fault-slip striation, after
the Yamaji technique [32].
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tectonophysical model of faulting in large continental
fault zones with a right-lateral offset of walls lead to the
conclusion that this model is applicable to the analysis
of deformation that arises virtually instantaneously dur-
ing a strong earthquake.

CONCLUSIONS

The performed investigation allowed us to charac-
terize in detail the system of seismotectonic deforma-
tions related to the 2003 Chuya earthquake for a dis-
tance of 30 km and to draw the following conclusions.

(1) The seismotectonic deformations related to the
earthquake have been recorded both in the loose sedi-
ments as an advanced system of R- and R'-shears, gash
fractures, and compressive structural features and in the
bedrock massifs, where the older shear zones were
reactivated and rejuvenated, the older fractures propa-
gated farther, and new faults and crush zones were
formed.

(2) The combination of all types of the newly
formed structural features is a common assemblage that
consists of (i) the NW- and NNW-trending right-lateral
strike-slip faults with normal and pull-apart compo-
nents of faulting often caused by gravity; (ii) the NE-
and NNE-trending left-lateral strike-slip faults; and (iii)
near-latitudinal reverse faults, occasionally with an
insignificant strike-slip component. The same displace-

ments occurred along the previously existing faults
except for steeply dipping near-latitudinal faults that
experienced local variations of the stress state that
resulted in small strike-slip offsets (cuttings).

(3) The system of seismic dislocations that arose
during the earthquake is a NW-trending fault zone no
less than 4 km wide with an internal structure that com-
prises a set of systematically arranged structural ele-
ments (R- and R'-shears, gash fractures, and compres-
sive features) typical of the right-lateral strike-slip fault.
In terms of tectonophysics, the distribution of advanced
fractures corresponds to the late stage of faulting, where
the main fault is still not formed completely but its par-
ticular segments are already quite distinct.

(4) The initial stress field that provided the forma-
tion of the whole assemblage of seismotectonic defor-
mations during the Chuya earthquake fits the shear type
with the NNW, almost meridional direction of the com-
pression axis and the ENE, almost latitudinal direction
of the tension axis. Local variations of the stress state
in rock massifs were expressed in an insignificant shift
of σ1 to the northwest or northeast, in the short-term
variations of relative stress values with retention of
their spatial orientation as indicated by reorientation of
the compression and tension axes, and in an increas-
ing inclination angle of σ1 in front of the already exist-
ing fault.
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Fig. 10. Formation of the internal structure of a right-lateral fault zone: a conceptual scheme, after [14]. The main stages of faulting
correspond to three characteristic segments of the loading (σ)–deformation (ε) curve.
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(5) The comparison of the internal structure of the
fault zone that arose during the 2003 seismic event with
a tectonophysical model of faulting in large continental
strike-slip fault zones with a right-lateral offset of walls
has led to the conclusion that this model is applicable to
the analysis of deformations that arise virtually instan-
taneously during a strong earthquake. Hence, the fault-
ing in different rock types follows the general laws of
deformation of solids even at the surface and at a high
rate of deformation.
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