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The earthquakes of December 26, 2004, (magnitude
M,, = 9.3; epicenter coordinates 3.3° N, 96.0° E; depth
h=30km [1, 2]; approximately 300 000 victims due to
the tsunami on the Indian Ocean coast) and March 28,
2005, (M,,=8.6;2.1° N, 97.0°E; h=30km [1, 2]; more
than 1000 victims), which occurred in the Sunda
Trench west of Sumatra Island, confirm the common
opinion that the search for factors controlling the origin
of great earthquakes in island arcs is a problem of vital
importance in seismology. Over the last decades, the
problem has mainly been solved by studying the corre-
lation between the distribution of great earthquakes and
various parameters of subduction zones, such as rate
and age of interacting plates; geometric, rheological,
and temperature characteristics of subduction zones;
presence of asperities, characteristics of sediments,
fluid regime, and so on (see [3-5] and others). These
investigations have not revealed any unambiguous rela-
tionships [5].

Here, we consider the stress state (SS) as a key fac-
tor affecting the origin of great earthquakes. We exam-
ine the Sunda Trench region, where the Indian and Aus-
tralian plates (hereafter, the Indo-Australia Plate, IAP)
submerge under the Eurasia Plate (EAP), which is rep-
resented there by the Burma and Sunda peripheral
plates (Fig. 1). Unlike plate kinematics, which has been
sufficiently well studied in the region (Fig. 1), informa-
tion on the SS is very limited. Experimental informa-
tion represented by data on stress regimes and on orien-
tation of horizontal principal stresses T; and T, (T, < T5;
compressive stresses are positive) are available in the
world database WSM [6]. The data are spatially dis-
crete and do not contain stress magnitudes (Fig. 1). One

! Schmidt Institute of Physics of the Earth, Russian Acadeny
of Sciences, Bol’shaya Gruzinskaya ul. 10, Moscow,
123995 Russia; e-mail: shamil@ifz.ru

2 Wessex Institute of Technology, Ashurst Lodge,

Ashurst, Southampton, SO40 7AA, UK;
e-mail: agalybin@wessex.ac.uk

52

can only infer for the studied region that the axis of
maximal compression 7, is oriented almost perpendic-
ular to the trench on the EAP side and nearly parallel to
it on the IAP side. The stress field was previously mod-
eled (see, for instance, [7]) on the basis of traditional
approaches in the theory of elasticity, in which bound-
ary forces were adopted from model estimates of driv-
ing forces. Such estimates differ by an order of magni-
tude, which may result in greater discrepancies even if
the calculated and experimental orientations of 7, coin-
cide [8, 9].

To obtain a more realistic result, we consider the
IAP and EAP as elastic plates (generally, with different
elastic moduli) and apply a direct approach based on
experimental data on orientations of 7, as the only input
information. This approach is described in detail in [9, 10],
and its main idea is as follows. The horizontal stress tensor
field is completely defined by three functions of the Carte-

. . 1
sian coordinates x;, x,—the mean stress P = Q(Tl + 1)),

maximum shear stress T, = %(Tz —T)), and the angle ¢

between T, and x; axes. Based on the general solution
of plane problem of elasticity [11], these functions are
represented as P = —2Re D(z), T, ¢ = 2 P'(z) + ¥(2),
where z = x| + ix,, Z = x; — ix,, and @', ¥ are holomor-
phic functions. The potentials ®'(z), Y(z) are approxi-
mated by polynomials of the nth order of z (different for
the IAP and EAP), coefficients of which represent the
sought quantities. They are found by solving an overde-
termined system of linear algebraic equations obtained
by fitting the calculated and experimental angles in
points of stress measurements; imposing continuity of
the stress vector at n,, collocation points on the trench
trajectory; and normalizing the function T,,;.

The problem has been solved for polynomials of dif-
ferent orders n and with different numbers #,, of collo-
cation points. Results of the numerical solution slightly
vary with n (n <5) and n,, < 168. Figures 1 and 2 present
the solution obtained for n = 4 and n, = 167. It should
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Fig. 1. Kinematics of plate convergence and stress elements in epicenters of the earthquakes of December 26, 2004 (+) and March
28, 2005 (x); (=) plate boundaries; (_2) motion of the IAP relative to EAP [1] with partition in the course of subduction into
underthrusting (normal to the Sunda Trench axis) in the seismogenic zone of plate interaction and dextral horizontal strike-slip fault
along the Sumatra Fault (SF) [1]; short segments designate the orientation of the axis of maximum compression 75 [6]; (—) calcu-

lated trajectories of 7.

be noted that the function ¢ and, hence, the trajecto-
ries of principal stresses are determined uniquely, and
the fields of 1,,,, and P are expressed to the accuracy
of linear transformations as T,,x — ATyax, P — aP + b,
where a (a > 0) and b are arbitrary constants. The field
of the complete stress tensor T is found by superposi-
tion of the obtained solution and the lithostatic stress
varying with depth due to the rock weight and horizon-
tal stress. The procedure does not affect the horizontal
fields of trajectories or T,,,-

Let us emphasize the following distinctive features
of the stress field:

in the vicinity of the trench, trajectories 7, are sub-
normal and, hence, trajectories T, are shear to its strike

(Fig. 1);

Toax 1S low in an elongated area extending along the

trench and crossing it near the epicenters of the earth-
quakes of December 26, 2004 and March 28, 2005
(Fig. 2);
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mean stress P for the island arc (northeast of the
trench) is lower than the corresponding characteristic
value for the IAP (Fig. 2); and

Tmax and P reach minimum near epicenters of
December 26, 2004 and March 28, 2005 earthquakes
(Fig. 2) along the trench (on both EAP and IAP sides),
with 1, being continuous across the trench.

Distinctive features of the stress field allow us to
investigate the mechanics of initiation of December 26,
2004 and March 28, 2005 earthquakes. Their epicenters
are confined to a less stressed area, characterized by
lower T, and T, values (on both the EAP and IAP
sides); i.e., the initiation of earthquakes is affected not
only by stress 7, normal to the trench strike, but also by
the shear stress 7. If the inclined seismogenic surface
S, of interaction between the obducting and subducting
plates were smooth, then stress 77, parallel to this sur-
face, would exert no influence on the stresses affecting ..
Hence, asperities of the surface §;, which are extending
parallel and perpendicular to the S; strike, play a crucial
role in the initiation of earthquake breakups. Such asper-
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ities emerge on the surface §; due to the subduction of
topographic irregularities of the IAP under the EAP.

Figure 3 shows the geometry of surface S, coordi-
nate axes and corresponding orts, as well as the orien-
tation of prinicipal stresses T, and T, relative to S;. For
the sake of simplicity, shear stress 7 is assumed to be
identical for both blocks. Inclination ¥(x,) of surface S,
to the horizon represents a superposition of the gener-
alized slope of the plate and variations of this angle due
to the rugged topography of the seabed. Let us denote

IAP

Fig. 3. Geometry of seismogenic surface S; separating the
obducting (EAP) and subducting (IAP) blocks. Axes x;, x,
(with orts ey, e,) are shear and orthogonal (relative to the

trench strike) horizontal axes, respectively. Axes x5, x5
(with orts €}, e ) are directed along the ; surface dip and
orthogonal to it, respectively. (_x) principal stress axes.

max

ax Vvalues attained when moving along a

variations in slope S; along the trench strike as B(x,).
Then the vector n of the unit normal to S;, as well as the
dimensionless normal stress #, and the shear stress vec-
tor t;, which affect S;, will be represented as

n = —sinfe, + cosP(sinde, + cosVe,),
t,=n-T-n = T, +Fcos P,

t, =n-T-¢,n = FcosPsinB(cosPe,

+ sinPe}) + (T2 — 1) cosPsinOcosVe), (1

F = (To—T1)—cos (T2 -1).

. T

Here T; = 7’, i =1,2, Tsis the principal vertical stress.
3

The Coulomb—Amonton criterion |t| = uf, (where

u is the friction coefficient) is satisfied and is accepted

further as the condition of the breakage onset. The T
value is most variable. It increases during a seismic

cycle from T,=1 (in the hypothetical case of a com-
plete shear stress relief along the S; dip) to a critical

value Tz(c) realized when the Coulomb—Amonton crite-

rion is satisfied. The relationship between Tz(c) and
angle U is shown in Fig. 4. For the presented curves, the

.. ~ - . o T
minimum of 7y (min72 () is reached within 0 = 6
i

Z—: range. Asperities with such dip angles will provoke

displacement if stress T, reaches the minf"z(c) value.
o

The selected ranges of parameters are as follows: 1 =
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Fig. 4. Variation of critical value TZ((?) with slope ¥ of sur-
face S; at the average value (B) = 0.05 and at different val-
ues of shear stress Tl and friction coefficient . (/) Tl =
15,u=01;2) Ty=11,u=01;3) Ty =15 p=02;
@ T =1.1,u=02.

0.1-0.2 (that corresponds to estimated [ for some sub-

duction zones [12]) and T\ = 1.1-1.5. These ranges

provide the condition minf"z(c) > Ty > 1 (which is nec-
o

essary due to the thrust nature of the stress field [6]) and
the condition of closeness of min7’( and 7 in mag-
o

nitude. At i > 0.2, the value mini"z(c) substantially
i
exceeds T); at T, > 1.5, the condition mini"z(c) > T is
0

violated. The stress range 77 = 1.1-1.5 determined
here and the known hypocenter depth (& = 30 km)
allow one to assess the horizontal stress at this depth. At
the density p = 2.65 g/cm? [13], one obtains 7, = T, =

0
(1.1—1.5)Jpgdx3 = (9-12) - 10> MPa.
“h

Thus, the stress field in the IAP-EAP convergence
zone has been determined without any assumptions on
the magnitudes of driving forces. Based on features of
the obtained solution, the mechanism of initiation of
the disastrous earthquakes in the Sunda Trench has
been proposed. The initial displacement, which pro-
vokes an unstable dynamic lateral propagation of the
fracture along the subduction surface S; (for 1200 km
during the earthquake of December 26, 2004 [1, 2]),
occurs in the area of low values of tectonic stresses
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owing to a local increase in angle . The increase takes
place due to asperities on S, the presence of which is
not postulated in our model but is a direct consequence
of the calculated stress state. The influence of sedi-
ments and temperature and fluid regimes in the subduc-
tion zone can be effectively accounted for by decreas-
ing the friction coefficient pl. The model makes it possi-
ble to substantially limit variations in horizontal stress
(relative to vertical stress) and to estimate absolute val-
ues of these stresses at the hypocenter depth.

It should be pointed out that the position of the min-
imum stress might change following the events of
December 26, 2004 and March 28, 2005. Therefore, it
is important to monitor the SS to reveal the new posi-
tion of this minimum stress and take it into account in
the tsunami early warning system planned for the
Indian Ocean.
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