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Abstract

The deep part of the Tonga subduction zone consists of two differently oriented slab segments: the northern segment within
latitudes 17-19°S, and the southern segment within latitudes 19.5-27°S. The orientation of the slab is (strike/dip): 110°/57° in its
northern part and 210°/46° in its southern part. Both segments are seismically active at depths from 500 to 700 km. The mechanisms
of deep-focus earthquakes reported in the Harvard moment tensor catalogue contain compensated linear vector dipole (CLVD)
components that behave differently in both segments. The mean value of the CLVD is 3% for the northern segment but —10%
for the southern segment. The mean absolute value of the CLVD is 12% for the northern segment and 16% for the southern
segment. The complex behaviour of the CLVD is explained by spatially dependent seismic anisotropy in the slab. The inversion for
anisotropy from the non-double-couple components of moment tensors points to orthorhombic anisotropy in the both slab segments.
The anisotropy seems to have a uniform strength of 5-7% for P-waves and 9-12% for S-waves, and is oriented according to the
orientation of each segment and the stress acting in it. The spatial variation of velocities is roughly similar in both segments. The
retrieved anisotropy might have several possible origins. It can be: (1) intrinsic, caused by preferentially aligned anisotropic minerals
such as wadsleyite, ringwoodite, ilmenite or others, (2) effective, caused, for example, by intra-slab layering, or (3) partly apparent,
produced by systematic errors in the moment tensors due to neglecting 3D slab geometry and the slab/mantle velocity contrast when
calculating the Green functions in the moment tensor inversion.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Since subducting slabs are exposed to extremely high
stress present in the mantle, it is assumed that rock-
forming minerals in slabs, such as olivine or its poly-
morphs wadsleyite and ringwoodite, are aligned due
to stress and produce the intra-slab seismic anisotropy.
For example, olivine has orthorhombic symmetry, its P
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anisotropy is 25% and the S anisotropy is 18%. Wads-
leyite has the same symmetry with P and S anisotropy
strength of 16.9% and 17.7%, respectively (Mainprice
et al., 2000). To assess the overall anisotropy in the slab
is highly desirable, because it can help us to understand
the behaviour of rocks under anomalous pressure and
temperature conditions, and to study the structure and
mineralogical composition of the slab and their changes
owing to the 220, 410 and 520 km discontinuities.

So far anisotropy of slabs and of the surrounding
mantle has been studied mainly using the splitting of
S-, SKS-, ScS-, or sScS-waves (Babuska and Cara, 1991;
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Savage, 1999). The studies suggest anisotropy in var-
ious slabs of up to 5% (Fukao, 1984; Hiramatsu and
Ando, 1996; Hiramatsu et al., 1997; Fouch and Fischer,
1996, 1998; Wookey et al., 2002). However, these values
are uncertain, because the method measures the overall
anisotropy along a whole ray path and cannot segregate
anisotropy of a slab from that of the surrounding man-
tle. Recently, Vavrycuk (2004) proposed an inversion for
anisotropy, which overcomes the mentioned difficulty.
The method uses non-double-couple (non-DC) compo-
nents of moment tensors of earthquakes and yields a
local anisotropy just in the focal area. This method is,
in particular, proper for studying anisotropy in slabs,
because it can exploit deep-focus earthquakes. Since
the method requires a large number of highly accurate
moment tensors, a suitable area for its application is the
Tonga subducting slab that is associated with the most
intense deep seismicity in the world.

The Tonga subduction zone is the result of the Pacific
Plate subducting under the Australian Plate. The Pacific
plate moves at a rate of 10.5cm/year (DeMets et al.,
1990; Gripp and Gordon, 1990). The direction of motion
is N300°E, being perpendicular to the strike of the slab
and the Tonga-Kermadec Trench. The slab subducts
steeply with a dip of about 60°. However, this value
can vary with depth (Northard et al., 1996). At depths
greater than 500 km, the geometry of the slab is com-
plicated. The slab is deformed and sharply bent in the
northern part of the slab. This causes the strikes of the
northern and southern parts of the slab to be remarkably
different (Giardini and Woodhouse, 1984; Hamburger
and Isacks, 1987; Giardini, 1992).

In this paper, I shall extend the work by Vavrycuk
(2004), where anisotropy of just one segment of the
Tonga slab has been studied. Here, I shall study and com-
pare two different slab segments. I shall show that the
complexity in the geometry of the Tonga slab projects
partly into the complex behaviour of the non-DC mech-
anisms of deep-focus earthquakes in the slab. Using the
moment tensors of the earthquakes that occurred in the
different segments of the slab, I shall invert for a possible
anisotropy in the slab and try to map its spatial variation.

2. Deep earthquakes in the Tonga subduction
zone

2.1. Data

I use moment tensors of earthquakes available in
the Harvard centroid moment tensor (CMT) catalogue
(Dziewonski et al., 1981, 2001, 2003; Dziewonski and
Woodhouse, 1983). This global earthquake catalogue

175° E 180° W 175° W 170°W

: Samoa Is.

15° 8
20°S | 2% ;

25° G S0

300G | & eniurode ‘ T

35°8

Fig. 1. Epicentres of earthquakes in the Tonga subduction zone. Green
dots mark earthquake foci at depths between 100 and 500 km, blue/red
dots mark deep-focus earthquakes at depths greater than 500 km in the
northern/southern cluster.

seems best in completeness and reports also the accuracy
of its solutions (Frohlich and Davis, 1999; Helffrich,
1997; Kagan, 2003). I have selected earthquakes with
magnitudes Mw >5, which occurred in the period
1980-2003, and were located at latitudes 17-27°S,
longitudes 178-183°E and at depths ranging from
500 to 700km. These earthquakes were sorted into
two families: 157 earthquakes with foci at latitudes
17-19°S (Fig. 1, blue dots) and 387 earthquakes with
foci at latitudes 19.5-27°S (Fig. 1, red dots). The
two families of earthquakes were selected to occur in
differently oriented northern and southern parts of the
slab. The earthquakes within latitudes 19.0-19.5°S were
discarded, because they belong to a highly deformed
transition zone between both the slab segments.

The selected moment tensors were decomposed
into the double-couple (DC) and non-double-couple
(non-DC) components according to Egs. (10)—(17) of
VavryCuk (2005). The moment tensors are of different
accuracy and display a different amount of non-DC com-
ponents. The non-DC components contain only the com-
pensated linear vector dipole (CLVD) component. The
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isotropic (ISO) component is identically zero, because
of constraints imposed on the CMT inversion. In order to
analyze the most reliable moment tensors, only moment
tensors with the absolute value of the CLVD less than
40% were considered. The moment tensors with the
CLVD higher than 40% were discarded because they
indicate either an anomalous mechanism or difficulties in
the moment tensor inversion. Furthermore, only moment
tensors with relative error e less than 0.08 were analyzed.
The relative error e is defined as the ratio of the largest
singular values of standard error E reported in the cata-
logue and of moment tensor M. The value e =0.08 was
found to be an optimum compromise between demands
for a large number of moment tensors and for their high
accuracy needed in the anisotropy inversion (Vavrycuk,
2004). Hence, the final datasets comprised moment ten-
sors of 41 and 88 for the northern and southern parts of
the slab, respectively.

2.2. Foci clustering, focal mechanisms and stress in
the slab

Interpolating foci of the selected earthquakes by a
plane, we can infer the orientation of the slab segments.
The results are summarized in Table 1. The errors of
the strike and dip are about 5° and 10°, respectively.
The strike of the southern part of the slab at depths
500-700km correlates well with the strike of the slab
at other depths and corresponds to the strike of the
Tonga-Kermadec Trench. However, this part of the slab
is slightly steeper at shallower depths (the dip increases
to 60°). The strike of the northern part of the slab is
anomalous and points to a complex deformation of the
slab at depths 500-700 km.

The focal mechanisms in the northern part of the slab
vary with no preferential type of faulting (Fig. 2). The
focal mechanisms in the southern part of the slab are
mainly normal or reverse with subvertical and subhori-
zontal nodal planes (Fig. 3). In both slab segments, the
P axes form a more compact cluster than the T axes,
which are more scattered. This might indicate a minor
difference between the o, and o3 principal stresses. The
orientation of the principal stress axes for each segment

of the slab was determined from focal mechanisms by
applying the inversion method of Gephart and Forsyth
(1984). The inversion was performed using a 5° grid in
searching through the principal stress directions and a
0.02 increment in searching for o, (assuming o1 =—1
and o1 + 07 +03=0). The misfit function is shown in
Fig. 4. The optimum stress directions are summarized in
Table 1.

The best constrained stress axis in both segments of
the slab is the axis for the maximum compression o7y.
The maximum compression in the southern slab segment
follows the subduction flow; the other stress axes lie in
the slab and along the normal to the slab. The down-dip
compression in the deep part of a slab is observed fre-
quently (Isacks and Molnar, 1971; Frohlich, 1989; Guest
et al., 2004) and interpreted as resistance to subduction
due to resisting forces at the tip of the slab (Zhou, 1990).
The stress axes in the northern slab segment are only
slightly rotated (clockwise by 20-30°) with respect
to the southern segment, but the principal stresses are
interchanged (see Fig. 4). Two stress directions lie again
in the slab segment and the third axis is close to its
normal.

2.3. Non-DC components in moment tensors and
their origin

Deep earthquakes often display non-DC compo-
nents (Frohlich, 1989; Julian et al., 1998; Kuge and
Kawakatsu, 1992). The non-DC components contain
mainly the CLVD; the ISO is reported to be zero or
very small (not exceeding 10%, Kawakatsu, 1991, 1996).
Therefore, the non-DC components cannot be produced
primarily by phase transitions, because the phase transi-
tions are accompanied with volume changes and should
generate a significant ISO component. The non-DC com-
ponents in the selected moment tensors probably have
three major origins: First, part of them is spurious being
produced by inaccurate moment tensor inversion. The
inaccuracies can originate from an oversimplified Earth’s
velocity model used for calculating the Green functions
(Sileny and Vavrycuk, 2000, 2002) and from the lim-
ited number of data inverted. For example, the slab itself

Table 1

Slab orientation and stress in the slab

Dataset Moment tensors Relative error (%) Slab Slab normal Sigma 1 Sigma 2 Sigma 3
strike/dip (°) az/dip (°) az/dip (°) az/dip (°) az/dip (°)

Northern cluster 41 0.08 110/57 20/57 250/65 355/55 130745

Southern cluster 88 0.08 210/46 120/46 320/45 140/45 230/90

The azimuth is measured from the north and the dip from the vertical.
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Fig. 2. Nodal lines (a) and P-T axes (b) for the 41 earthquakes located
in the northern cluster. The P axes are marked by circles, the T axes
are marked by plus signs.

is a high-velocity inhomogeneity which is not taken
into account in the global Earth’s velocity model. The
effects of 3D slab structure on amplitudes (see Kendall
and Thomson, 1993) can thus introduce artefacts in the
standard moment tensor inversions. Second, the non-DC
components can be generated by complex shear fault-
ing at non-planar faults (Miller et al., 1998; Tibi et al.,
2003). This type of faulting generates no ISO compo-
nent, which is in coincidence with observations. Third,
the non-DC components can be produced by anisotropy
in the slab (Kawasaki and Tanimoto, 1981; Frohlich,
1994). Anisotropy at the source area can also gener-
ate non-DC mechanisms with no or very small ISO
component (see Vavrycuk, 2004, 2005). Obviously, all
three mentioned origins can produce non-DC mecha-
nisms separately, but it is very like that they combine
and that the non-DC components contain contributions
of all of them. The part of the non-DC components which
is spurious can be reduced by selecting only very accu-
rate moment tensors. However, the other parts of the

Fig. 3. Nodal lines (a) and P-T axes (b) for the 88 earthquakes located
in the southern cluster. The P axes are marked by circles, the T axes
are marked by plus signs.

non-DC components are mixed and cannot be easily
separated.

The accuracy of the CLVD (and the presence of the
spurious non-DC) can be roughly assessed by correlat-
ing the CLVD of the earthquakes reported jointly in
the CMT and USGS (Sipkin et al., 2002) catalogues.
Surprisingly, this correlation differs for both clusters
(see Table 2): the northern cluster comprises 22 jointly
reported moment tensors with a correlation of 0.74,
while the southern cluster comprises 53 jointly reported
moment tensors with a correlation of 0.57. The men-
tioned datasets comprise earthquakes with the relative
error e of the CMT moment tensors less than 0.08 and
with no constraint on the CLVD. The evident positive
correlation demonstrates that the major part of the CLVD
is not spurious, but must have a physical origin. The
lower correlation of the CLVD for the southern cluster
indicates that the CLVD in this cluster is determined
with a slightly lower accuracy than for the northern
cluster. This might be caused by less favourable station
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20

Fig. 4. Inversion for stress in the northern (a) and southern (b) slab seg-
ments. The plot shows the misfit function for the stress axis o, defined
as an average deviation (in degrees) between predicted shear traction
directions and observed slips at the faults. The misfit functions are dis-
played in the lower-hemisphere equal-area projection. The optimum
directions of the principal stresses are marked by circles.

coverage used in the moment tensor inversion for this
area.

Not only the accuracy, but also the percentage of
the CLVD differs in both the studied datasets. In the
northern cluster, the CLVD attains equally positive and
negative values and the average CLVD is close to zero
(see Table 2; Fig. 5). In the southern cluster, the CLVD
is mostly negative. The average absolute value of the
CLVD is higher for the southern cluster. This indicates
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Fig. 5. Histograms of the CLVD percentages in the moment tensors
of the northern (a) and southern (b) clusters. The ISO components are
identically zero, because the moment tensors are constrained to have
Zero trace.

that the moment tensors in this cluster are on average
more non-DC than those in the northern cluster.

The different behaviour of non-DC components in
both datasets of moment tensors is an intriguing phe-
nomenon. It cannot be produced by errors in the moment
tensor inversion, because only the most reliable moment
tensors were considered. Moreover, the differences in the
average trend of the non-DC components tend to increase
with increasing accuracy of moment tensors (by decreas-
ing the value of relative error ). Also, the differences can
hardly be explained by different complexities in earth-
quake sources in both parts of the slab. Most probably, the
differences in the CLVD indicate a different anisotropy

Table 2

Observed DC and non-DC components in moment tensors

Data set Moment Relative error Mean DC Mean CLVD Mean [CLVD| Joint moment Correlation
tensors (%) (%) (%) (%) tensors CLVD

Northern cluster 41 0.08 88.1 29 11.9 22 0.74

Southern cluster 88 0.08 84.3 —10.6 15.7 53 0.57

The DC and CLVD percentages were calculated using Eqgs. (8a—c) of Vavrycuk (2001).
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or a different orientation of faulting with respect to the
anisotropy in the slab.

3. Anisotropy of the subduction zone

The fact that the non-DC components detected in
moment tensors are not produced only by anisotropy,
but also have other origins, makes the inversion for
anisotropy particularly difficult. Nevertheless, even
though the non-DC components are remarkably affected
by causes other than anisotropy, Vavrycuk (2004)
showed on synthetic tests that if a sufficiently large
dataset of moment tensors with non-DC components is
collected, the inversion can produce reasonable estimates
of anisotropy.

3.1. Principles of the inversion

The seismic moment tensor M of a shear earthquake
in anisotropic media is expressed as (Vavrycuk, 2005,
Eq. 4)):

M;; = cijuDu, (D

where c;jy; are the elastic parameters of the medium, and
Dy, is the source tensor defined as

uS
Dy = 7(an1 + ving). ()

Vectors v and n specify the fault normal and slip direc-
tion, u is the slip and § is the fault area. The source tensor
D depends just on geometry of faulting and it should sat-
isfy the following two conditions:

Trace(D) = 0, 3)
Det(D) = 0. 4

The first equation is the condition for shear faulting,
and the second equation follows from the fact that ten-
sor D has one zero eigenvalue. Both equations can be
advantageously used in defining the misfit function in
the inversion for anisotropy. If we know moment ten-
sors of many earthquakes that occurred at the same
source area, we can invert for elastic parameters c;ji
minimizing the sum of absolute values of Trace(D)
and Det(D) for all earthquakes. The method can be
modified to be applicable also for the inversion from
moment tensors, which are constrained to have zero
trace (see VavryCuk, 2004). As expected, if we invert
DC moment tensors, the procedure yields isotropic
medium; if we invert the non-DC mechanisms, we obtain
anisotropy.

3.2. Inversion for orthorhombic anisotropy

The quality and extent of the data makes it possible
to invert for orthorhombic or monoclinic anisotropy. The
orthorhombic anisotropy is typical for mantle minerals
such as olivine, wadsleyite, or ringwoodite (Mainprice et
al., 2000). Since the inversion for monoclinic anisotropy
yields essentially the same results as for orthorhom-
bic anisotropy, but the inversion is less stable (because
three more parameters are sought), only the results for
orthorhombic anisotropy are presented. The inversion
for triclinic anisotropy was not feasible because of lim-
itations of data.

The inversion seeks to determine three angles 6, ¢
and i defining the directions of the symmetry axes,
and nine density-normalized elastic parameters (in the
Voigt notation) A11, A2, A33, Aaa, Ass, Aces A12, A13
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Fig. 6. Inversion for orthorhombic anisotropy in the northern (a) and
southern (b) slab segments. The plot shows the misfit functions for
symmetry axes of orthorhombic anisotropy, normalized to the misfit
for an isotropic medium. The misfit functions are displayed in the
lower-hemisphere equal-area projection. The optimum directions of
the symmetry axes of anisotropy are marked by circles.
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Table 3
Orientation and strength of anisotropy

Dataset Axis 1 Axis 2 Axis 3 P-wave anisotropy S1-wave anisotropy S2-wave anisotropy
az/dip (°) az/dip (°) az/dip (°) (%) (%) (%)

Northern cluster 360/40 135/60 240/65 48 +£04 10.7 £ 1.0 94 £+ 1.1

Southern cluster 330/60 115/35 230/75 65+ 12 102 £ 2.0 119+ 09

The anisotropy strength is calculated as the median from strengths of 25 best anisotropy models, and the errors are defined as the standard deviations.

and Aj3, defining orthorhombic anisotropy. The angles
of the symmetry axes varied in a grid with a step of 5°. For
each direction of the symmetry axes, a constrained non-
linear optimization search for optimum values of elastic
parameters was applied (Branch and Grace, 1996), and
the misfit function was evaluated. The inversion for the
optimum elastic parameters was constrained to fix the
squares of the spatially averaged P and S velocities esti-
mated from the isotropic Earth’s velocity model AK135
(Kennett et al., 1995). The starting values of the sought
parameters, inversion limits and other details of the inver-
sion algorithm are in Vavrycuk (2004).

3.3. Orientation and strength of anisotropy

The results of the inversions are summarized in
Table 3. Fig. 6 shows the misfit functions evaluated for
each direction of the symmetry axis a3 of orthorhom-
bic anisotropy when inverting moment tensors of the
northern and southern clusters. The misfit function is
normalized so that it equals 1 for an isotropic medium.
The function displays only three distinct minima. The
directions of the minima are mutually perpendicular and
correspond to optimum directions of the symmetry axes.
The errors in the optimum directions are about 10°. The
best solutions lower the misfit function from 1 to 0.73 for
the northern cluster and to 0.81 for the southern cluster;
hence anisotropy is responsible only for a part of the non-
DC components in moment tensors. For both clusters,
two symmetry axes lie within the slab, the third axis is
close to the direction of the normal to the slab. The direc-
tions of the symmetry axes coincide with the directions
of the principal stress axes (see Fig. 7). The anisotropy
strength is similar for both clusters. The § anisotropy is
almost twice stronger than the P anisotropy. In spite of
similarities, the detailed spatial variation of velocities in
both slab segments is slightly different (see Fig. 8). This
might be caused by different stress conditions in both
slab segments.

3.4. Predicted non-DC components in the slab

From the retrieved optimum anisotropy we can pre-
dict non-DC components generated in the moment ten-

sors (Table 4). The ISO component is significantly
smaller than the CLVD for both slab segments. The
small predicted values of the ISO could explain why
the ISO components have not been detected reliably so
far (Kawakatsu, 1991, 1996; Hara et al., 1995). The cor-
relation between the observed and predicted CLVD is
significant, but still points to the fact that anisotropy can-

()
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Fig. 7. A comparison of slab, stress and anisotropy orientations for
the northern (a) and southern (b) slab segments. The directions of
the slab normal (cross), of the principal stress axes (triangles), and
of the symmetry axes of anisotropy (circles) are shown in the lower-
hemisphere equal-area projection. The solid line shows the intersection
of the slab with the hemisphere. The solid triangle marks the direction
of the maximum compression.
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Fig. 8. Spatial variation of the P, S1 and S2 velocities predicted by the optimum anisotropy models for the northern (a) and southern (b) slab
segments. Lower-hemisphere equal-area projection is used. Directions of the symmetry axes are marked by circles. Velocities are in km/s.

not fully explain the observed CLVD. Interestingly, the 4. Summary
data in the northern slab segment are more consistent:

the fit for the optimum anisotropy is better and also the e The deep part of the Tonga subduction zone has a

correlation between the observed and predicted CLVD complicated geometry. The slab is sharply bent and

is better. This is perfectly consistent with the fact that the divides into two segments with quite different strikes.

observed CLVD is more reliable for the northern rather The northern segment is smaller and produces fewer

than for the southern slab segment as was indicated by earthquakes than the southern segment.

correlating the CLVD for jointly reported earthquakes in e Both parts of the Tonga slab are characterized by the

the USGS and CMT catalogues (see Table 2). down-dip compression. The P axes of mechanisms

Table 4

Predicted DC and non-DC components in moment tensors

Data set Moment Relative error Mean DC Mean ISO Mean CLVD Mean |CLVD| Correlation
tensors (%) (%) (%) (%) (%) CLVD

Northern cluster 41 0.08 90.3 -2.0 3.7 6.6 0.57

Southern cluster 88 0.08 88.3 1.5 —83 10.1 0.32

Correlation CLVD means the correlation between observed and predicted values of the CLVD.
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are well clustered, the T axes are rather scattered.
The scatter of the T axes points to a small difference
between the o7 and o3 principal stresses.

The CLVD components in the moment tensors of deep
earthquakes behave differently in both parts of the
slab. The mean value of the CLVD is 3% for the north-
ern part of the slab and —10% for the southern part
of the slab. This difference must have a physical ori-
gin and is most likely caused by differently oriented
anisotropy in the slab.

Anisotropy in the slab might be one of the sources
of non-DC components in deep earthquakes. So far
its significance has been overlooked even though
anisotropy with strength of 10% can produce CLVD
up to 30-40% (VavryCuk, 2005). The presence of
anisotropy is supported by the fact that the inver-
sion for anisotropy from non-DC mechanisms was
successful. Moreover, anisotropy in the slab can
explain a significant part of the CLVD observed in
the moment tensors, and in accordance with observa-
tions, anisotropy generates very small ISO component
(less than 5%).

The results of the inversion indicate that the orien-
tation of anisotropy in each slab segment coincides
with the orientation of the stress. This points to a
primary impact of stress on anisotropy formation.
Emphasize that the coincidence between anisotropy
and stress orientations is not an artefact of processing
the same dataset of moment tensors in both the inver-
sions. While the stress inversion utilizes the DC parts,
the anisotropy inversion utilizes the non-DC parts of
the moment tensors. The independence of the inver-
sions has also been checked by numerical modelling.
The strength of the P, S1 and S2 anisotropy is
similar in both parts of the slab: it is 540.5%,
10.5 + 1% and 9.5 % 1% in the northern segment, and
6.5+ 1.5%,10 & 2% and 12 =+ 1% in the southern seg-
ment, respectively. The errors are just rough estimates,
because the influence of errors in the non-DC compo-
nents used in the inversion cannot be easily evaluated.
The errors might be produced, for example, by an
oversimplification of the velocity model used to cal-
culate the Green functions or by assuming the ISO
component to be zero in the moment tensor inversion.
Despite of the uncertainties in the errors, it is clear
that the anisotropy values in the slab are remarkably
higher than those of the anisotropy observed in the
surrounding mantle and that the S-wave anisotropy is
almost twice stronger than the P-wave anisotropy.
The origin of anisotropy is, however, still question-
able. Anisotropy might be partly intrinsic, caused by
anisotropic minerals such as wadsleyite, ringwoodite,

ilmenite or others preferentially aligned under stress in
the slab, but it can also be effective, produced by pref-
erentially oriented inhomogeneities within the slab
such as intra-slab layering. We also cannot exclude
that a part of anisotropy is apparent being intro-
duced by systematic errors present in the moment
tensors. The systematic errors arise by neglecting the
slab/mantle velocity and density contrasts when cal-
culating the Green functions in the moment tensor
inversion.
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